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 ABSTRACT 
Cloning and Sequencing of Glucosyltransferase (GT) Genes from Grapefruit Seedlings; 
Searching for 7-O-GT 
by 
Mebrahtu Berhane Sibhatu 
Flavonoids play crucial roles in plant life cycles and in human welfare. Grapefruit plants 
produce several glucosylated flavonoids and the glucosylation reactions are catalyzed by UDP-
glucose: glucosyltransferases (GTs). Our objective was to use the SMART RACE RT-PCR 
strategy to obtain cDNA sequences of putative grapefruit flavonoid GTs. Gene specific primers 
were designed from the plant secondary product glucosyltransferase (PSPG) box and used to 
amplify 5’GT clones. Clone-specific primers were designed from 5’clones to amplify 3’ GT 
clones. We obtained 5 5’ clones and 1 3’ clone as candidate GTs. We used 3 of these clones to 
predict 2 compiled GT sequences. Structural comparison of the putative GTs with functionally 
known GTs from other plants showed overall low pair-wise sequence identity (11-31%), but high 
identity (52.2-75%) within the PSPG box. We conclude that assignment of function from 
sequence information is not appropriate; assignment should depend on biochemical 
characterization of expressed GT enzymes. 
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 CHAPTER 1 
 
INTRODUCTION 
The ability to synthesize numerous natural products or “secondary metabolites” including 
phenolics, alkaloids, and terpenoids is the unique biochemical characteristic of higher plants. 
These diverse plant natural products are generally organized in terms of their biosynthetic 
patterns and their chemical compositions. Out of all the secondary metabolites, phenolics are 
known to constitute the majority of plant based aromatic natural products that exist in a number 
of categories such as simple phenols, phenylpropanoids, flavonoids, tannins, and quinones 
(Kaufman et al. 1999).  
All plant secondary metabolites, including the flavonoids, were once considered to be 
waste products that did not participate in primary biochemical activities like growth, 
development, and reproduction (Conn 1981). Today, it is evident that flavonoids do play a key 
role in the survival of the organisms, which produce them by acting as feeding deterrents, UV 
protectants, pollinator attractants, and growth regulators (Harborne 1976; Mori et al. 1987; 
Brouillard and Dangles 1993 and references therein). Anthocyanins, perhaps the most widely 
known class of flavonoids, impart different colors to fruits, vegetables, and flowers (Martin and 
Gerats 1993; Toguri et al. 1993). Flavanones serve as biochemical or physiological indicators in 
specific plant life cycles by imparting different taste properties (Bohm 1986 and references 
therein, Horowitz 1986). For example, naringin and poncirin are found in grapefruit, sour 
oranges, and pummelo; they affect the taste of these fruit by imparting a bitter character. 
Flavonols are responsible for the UV patterning in flowers that attract pollinators and protect 
leaves from UV damage (Brouillard and Dangles 1993). More recently, an essential role of 
flavonols in plant reproduction has been found in Petunia hybrida where they act as cues for 
 11  
 pollen maturation (Miller et al. 1999). Flavones efficiently absorb in the UV, and also contribute 
to UV color patterns as well as impart the opaque quality to white flowers (Harborne 1976; 
Brouillard 1988). While some flavonoids are cues for pollen germination that determine male 
fertility (Miller et al.1999), others such as isoflavones serve as signaling chemicals between 
legume roots and nitrogen-fixing soil bacteria. Isoflavones also are involved in anti-microbial 
and anti-fungal responses (Harborne 1976; Stafford 1997). Still other flavonoids are used as 
marker compounds for graft incompatibility studies (Treutter 1987). 
         The human species has always been dependent on plant secondary metabolites for 
medicinals, flavourings for food, and pigments for artwork and clothing. As can be seen in Table 
1, flavonoids play various roles for humans. Anthocyanins possess potent antioxidant properties 
(Cody et al.1986) that account for some of beneficial effects derived from the consumption of 
fruits and vegetables high in anthocyanins against cardiovascular and other diseases. 
Anthocyanins also inhibit low-density lipoprotein (LDL) cholesterol (Cody et al. 1986, 1988). 
Other flavonoids prevent blood clotting and defend cells against dangerous carcinogens 
(Habtemariam 1997, 2000). Recently, naringin (flavanone) was found to be a potent inhibitor of 
xenobiotic-induced genotoxicity in human liver slices (Lake et al. 1999).  
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 Table 1. Some biological roles of flavonoids both in plants and humans (Harborne 1994). 
 
Example of   Biological    Example of food 
Flavonoid  significance    source 
 
Chalcones  Yellow pigments in    Coreopsis tinstoria,  
   flowers and fruits   Kyllingi brevifolia 
 
Flavones  Cream-colored   Sweet red pepper,  
   pigments in flowers,   celery, citrus fruits 
   UV patterning, tumor 
   inhibitors 
 
Flavonols  Feeding repellent   Onion, apple, red wine,  
   in leaves,and UV   green tea 
   protection, antioxidants and 
   anti cancer  
 
Flavanones  Some are bitter (defense)           Grapefruit, pommelo 
   flavor, anti cancer 
 
Dihydrofla-  Insect feeding     Apples, cocoa, chocolate,  
vonols   attractant, anti oxidant  green tea, grapes, red wine  
                            
Isoflavones  Oestrogen effect, toxic for  legumes, soybeans 
   fungi (defense), phytoalexins,  
   protect heart disease, increase 
   defense mechanism  
 
Anthocyanins  Red and blue pigments in     Strawberries, blueberries,  
   flowers and fruits                       grapes, red apples, red wine,  
   antioxidants,    raspberries 
   anticancer, removal of LDL 
   cholesterol 
 
 
Aurone  This class is not widely studied and   Pterocarpus marsupium 
   probably is the smallest family 
   (when ever present confers yellow or 
   orange color to flowers),  
  
While virtually all-higher plants produce flavonoids, in many cases specific compounds 
are made and/or accumulated during plant growth and development. Therefore, it is not a 
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 surprise to find distinct flavonoid product distribution patterns among different plant species as 
well as within different tissues of the same plant. For example, 94,000 ppm (µg/gfwt) of naringin 
(the bitter diglycoside of naringenin) is known to be produced in young grapefruit leaves and 
over 10,000 ppm naringin is found within very young grapefruit. This constitutes 40-70% of the 
dry weight of the young leaves and fruits (Jourdan et al. 1985). These tissues are known to 
accumulate relatively low amounts of the later flavonoids such as dihydroflavonols and 
flavonols, although flavone glycosides are also found (Berhow et al. 1998). 
On the other hand, several plants have been intensively studied and characterized on their 
pigmentation and biosynthesis of the “later” flavonoid compounds (Dooner et al. 1991; 
Forkmann 1991). Petunia, for example is known for the production of high levels of ‘later’ 
flavonoids such as the red anthocyanin glycosides in flowers (Meyer et al. 1987; Forkmann 
1991).  Arabidopsis and Petroseleninum are also well studied plants due to their accumulation of 
the later flavonols and anthocyanin derivatives (Heller and Forkmann 1988 and references 
therein). 
Secondary metabolites are often converted to their glycoconjugates, the most important 
biotransformations on earth (Bohm 1993) that are then accumulated and compartmentalized. 
Glycosylation increases solubility, and therefore transportability, of flavonoids. The type of 
glycoside substitution has another significant effect on flavanones. If flavanones have 7-O-β-
rutinoside substitutions, the compounds have no flavor, but those with 7-O-β-neohesperidoside 
substitutions are bitter (Horowitz and Gentili 1963). Glucosylation reactions are glycosylations 
catalyzed by glucosyltransferases (GTs). Because GTs tend to be specific as to flavonoid class, 
 14  
 sugar to be transferred, and position for substrates, there are literally hundreds of these enzymes 
in existence (Heller and Forkmann 1993).  
  
The Chemical Structure of Flavonoids 
 
Flavonoids have a characteristic 15-carbon structure (C6-C3-C6) consisting of 2 aromatic 
rings (labelled A and B) with a number of phenolic hydroxyl groups. The C3 bridge forms a 
heterocycle in most flavonoids, except in the case of chalcones and dihydrochalcones (Fig. 1). 
Fig. 2 shows the 2 aromatic rings and general skeletal representation of flavonoids. There are 9 
classes of flavonoids that share the same biosynthetic origin but differ with respect to the 
oxidation state of the C3 central ring (Fig. 1) (McIntosh 1990). 
Because of the multiple combinations of hydroxyl groups, sugars, oxygens, methyl 
groups, and others added to the C rings during derivatization reactions, over 5000 flavonoids 
have been identified to date (Harborne 1994 and references therein). Pelargonidin, cyanidin, and 
delphinidin are the 3 most common anthocyanin aglycones from which all other anthocyanins 
are derived through varying degrees of hydroxylation, O-methylation, glycosylation, and 
acylation that result in red, orange and/or blue pigments in flowers and fruits (Harborne 1976). 
Apigenin and luteolin (flavones), kaempferol, myricetin, and quercetin (flavonols), hesperetin, 
and naringenin (flavanones), genistein, and daidzein (isoflavones) are all subject to a myriad of 
derivatization reactions. The derivatives of flavonols and flavones are found in flowers, fruits, 
and leaves and play different roles in plant systems (Table 1) (Harborne 1976; Brouillard 1988; 
Brouillard and Dangeles 1993). Poncirin (Horowitz and Gentili 1963) and naringin impart bitter 
taste properties in Citrus species.  
 15  
  
Figure 1. The flavonoid biosynthetic scheme. CFI = chalcone flavanone isomerase, FS= flavone 
synthase, F3H= flavanone 3-hydroxytransferase, FSS= flavonol synthase system, IFS= 
isoflavone synthase, DFR= dihydroflavonol 4-reductase and F3GT= flavonoid 3-O-
glucosyltransferase (adapted from McIntosh 1990). 
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Figure 2. General skeletal representation and carbon numbering system of flavonoid compounds. 
Rs indicate carbons commonly found with –OH groups attached. 
 
Flavonoid Biosynthesis 
 
The flavonoid biosynthetic pathway is one of the most intensively studied metabolic 
systems in plants (Fig. 1). A hydroxycinnamic acid coenzyme A (CoA) ester, 4-coumaroyl-CoA, 
provides the B-ring (Fig. 3) and part of the heterocyclic ring of the flavonoid skeleton. The  
4-coumaroyl-CoA and related hydroxycinnamic acid esters are supplied by the first steps of the 
general phenylpropanoid pathway (Fig. 3). This pathway starts from the aromatic amino acid 
phenylalanine, which is synthesized via the shikimate/arogenate pathway (Heller and Forkmann 
1993 and references therein). In this step, the key reaction is deamination of phenylalanine 
catalyzed by phenylalanine ammonia lyase (PAL) (Koukol and Conn 1961) (Fig. 3) that links 
primary metabolism with the phenylpropanoid pathway (Heller and Forkmann 1993). The 
product of the PAL reaction, trans-cinnamate, is hydroxylated to 4-coumarate by cinnamate 4-
hydroxylase; a cytochrome P450 mixed function monooxygenase. Activation of 4-coumarate by 
formation of the CoA ester is catalyzed by 4- coumarate: CoA ligase (Ragg et al. 1981; Grand et 
al. 1983; Heller and Forkmann 1988).  
 17  
 Figure 3. Biosynthesis of the flavonoid B ring. PAL = phenylalanine ammonia-lyase.  
4-coumaroyl CoA can also be used to produce lignins and stilbenes, other secondary compounds. 
(McIntosh 1990). 
 
The A-ring (Fig. 2) originates from the condensation of three molecules of malonyl-CoA 
(Fig. 4) that were synthesized via carboxylation of acetyl-CoA. The key enzyme for the 
formation of the A-ring, and therefore, the flavonoid skeleton is chalcone synthase (CHS) (Heller 
and Hahlbrock 1980; Heller and Forkmann 1988). CHS catalyses the stepwise condensation of 
the 3 acetate units onto 4-coumaroyl-CoA to form the C15 compound 2’, 4’, 6’, 4 
tetrahydroxychalcone (Heller and Forkmann 1993). Chalcones are the first true flavonoids and 
the direct precursors for the other flavonoids. The stereospecific cyclization of the chalcone, 
catalyzed by chalcone isomerase, provides the 2S-flavanone naringenin, with the typical 
flavonoid skeleton (Heller and Forkmann 1988) (Fig. 1).  
 
 18  
 Figure 4. Biosynthesis of the flavonoid A ring. Chalcones are the first true flavonoids. 
(McIntosh 1990). 
 
At this point of biosynthesis, the fate of flavanones could be either to be converted into 
other flavonoids as summarized in Fig. 1 or derivatized into glycosylated compounds. 
Flavanones are the direct precursors of the flavones, the isoflavones and the dihydroflavonols 
(Harborne 1994 and references therein) (Fig. 1). Flavones such as apigenin (Fig. 1) are 
synthesized from flavanones by oxidation of the C2-C3 bond by flavone synthase (FS) (Kochs 
and Grisebach 1987; Heller and Forkmann 1988) to give a double bond (Fig. 1). Isoflavone (such 
as genistein, daidzein) formation from flavanones is catalyzed by 2-hydroxyisoflavanone 
synthase (IFS), a reaction that involves an oxidative rearrangement of the flavanone, including a 
shift of the aryl ring from position 2 to 3 (Fig. 1). Finally, flavanone 3-hydroxylase (F3H) 
(Forkmann et al. 1980; Britsch and Grisebach 1986) can produce dihydroflavonol (such as 
dihydrokaempferol) from naringenin. Once again, these compounds then are derivatized 
routinely by specific enzymes in plants. 
Dihydroflavonols are the direct precursors for the flavonols and for the formation of 
flavan 3, 4-diols (leucoanthocyanidins) that are precursors for anthocyanin production. Flavonols 
(such as kaempferol) are formed from dihydroflavonols by introduction of an OH group between 
 19  
 C-2 and C-3, a reaction catalyzed by the flavonol synthase system (FSS). Reduction of 
dihydroflavonols in position 4, catalyzed by dihydroflavonol 4-reductase (DFR), leads to flavan 
–2, 3 trans –3, 4-cis diols (leucopelargonidin) intermediates in anthocyanidin formation (Heller 
and Forkmann 1993). A series of feeding experiments unequivocally showed that 
luecoanthocyanidins are also the direct precursors for one of the most conspicuous flavonoid 
classes, the anthocyanins. Owing to the instability of the common anthocyanidins under 
physiological conditions, 3-O-glucoside formation is supposed to be an obligatory co-reaction in 
the final biosynthesis step (Heller and Forkmann 1993).  
 
Flavonoid Modification 
At every branch point of flavonoid biosynthesis, flavanoids can either be converted into 
other flavonoid classes via the core biosynthetic pathway (as discussed above) or can be 
derivatized to give the distinct compounds found in plants (McIntosh and Mansell 1990). 
Flavonoids have several hydroxyl groups that can be extensively modified (Fig. 2). Many 
enzymes have been described that catalyze hydroxylation, methylation, glycoslyation, acylation, 
and a number of other reactions on flavonoids (Heller and Forkmann 1993). These modifications 
account for the overwhelming (more than 5000) diversity of flavonoid metabolites observed in 
nature that use frequently as taxonomic markers (Heller and Forkmann 1993; Harborne 1994 and 
references therein). 
Transferring a sugar moiety to flavonoid substrates, known as glycoslyation, is the most 
common flavonoid modification process (Heller and Forkmann 1993). Several roles have been 
postulated for glycosylation of various compounds in plants. It allows solubilization of the 
compounds in water that provides access to the movement of essential nutrients and organic 
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 materials within the plant system (Hrazdina 1988) and it acts to detoxify harmful metabolites 
(Kreuz et al. 1996), and it can regulate the action of functional compounds (Szerszen et al. 1994). 
Due to these characteristics, most flavonoids that occur naturally are found in a glycosylated 
form. 
The addition of sugar to the flavonoid aglycone occurs in 2 ways: the sugar can either 
attach directly to the flavonoid skeleton by forming a carbon-to-carbon glycosyl  
(C-glycosyl) compound, or it can attach via a hydroxyl group on the flavonoid, forming an O-
glycoside (McIntosh 1990; Heller and Forkmann 1993). A commonly used sugar in the process 
of glycosylation is glucose and the reaction is catalyzed by UDP-glucose: glucosyltransferase to 
produce a stable, soluble compound (Poulton 1990). Due to the presence of large number of 
flavonoids in their glycosylated state and the roles of flavonoids in the plant life cycle, it is 
important to elucidate and understand the biosynthesis and characterization of the many enzymes 
catalyzing the glycoslyation reactions. 
 
Glucosyltransferases (GTs) 
Glucosyltransferases (GTs) are enzymes that catalyze the transfer of a glucosyl residue to 
an acceptor molecule. To date, about 80 putative plant secondary metabolite glucosyltransferase 
sequences are available through GENBANK databases. Only a few of these reported putative GT 
sequences are characterized biochemically (McIntosh et al.1990; Sparvoli et al. 1994; Gong et al. 
1997); the rest are assigned based on the presence of a signature motif, the PSPG box (Barioch 
1991; Hughs and Hughes 1994). The PSPG box is a consensus sequence for various plant 
secondary metabolite glucosyltransferases that use UDP-glucose as the sugar donor (Hughs and 
Hughes 1994; Vogt 2000). The box contains about 44 amino acids with a highly conserved “W P 
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 Q” amino acid sequence at the N-terminal edge of the box, and an absolutely conserved Q 
(glutamine) at the C-terminal edge of the box. In the central portion of the PSPG box, the amino 
acid sequence “T H C G W N S” is highly conserved in all of the biochemically characterized 
secondary product glucosyltransferases (Hughs and Hughes 1994). 
Many flavonoid glucosyltransferases (GTs) have been isolated from different sources and 
biochemically characterized. These enzymes act on different classes of flavonoids at different 
positions including the 3, 5 and 7-OH groups (McIntosh and Mansell 1990; Brugliera et al. 1999; 
De Vetten et al. 1999). These derivatizing enzymes can be highly specific as to the flavonoid 
substrate and position of attachment of substituent groups (Heller and Forkmann 1993), which 
give plants their characteristic feature. However, despite the general importance and the likely 
large number of these enzymes given the diversity of substrates, plant UDP-GTs as enzyme 
groups have not been studied thoroughly. 
Flavanone specific 7GT is a unique enzyme in grapefruit leaves that diverts a large 
proportion of naringenin into production of a characteristic bitter compound called naringin. This 
enzyme has been purified to near homogeneity and biochemically characterized as to substrate 
and sugar donor specificity, its position of glucosylation, pI and optimum pH values (McIntosh 
and Mansell 1990; McIntosh et al. 1990). Flavanone 7GT is 10,000 times less sensitive to UDP 
inhibition than any other plant GT reported to date (McIntosh and Mansell 1990; McIntosh et al. 
1990; Durren and McIntosh 1999; McIntosh 1990 and references therein). The bitterness of 
naringin and its contribution to the flavor quality of grapefruit is a result of the flavanone specific 
7GT. Hence, structure/function relationship analysis of this enzyme would be important for 
several reasons; it would increase our understanding of the characteristic features commonly 
shared by all GTs, (including the substrate binding site), it may help improve the quality and 
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 quantity of grapefruit products by suppressing or enhancing the mechanism by which naringin is 
synthesized, and it may also help in understanding flavonoid metabolism by introducing the 
grapefruit 7GT into plants that do not normally have this enzyme. 
 
Citrus Species and Naringin Accumulation 
Grapefruit and other Citrus species are known for their production of high levels of the 
“early” flavonoids and fair amounts of all the “later” flavonoid classes except anthocyanins 
(Scora and Kumamato 1983). This shows grapefruit contain nearly all of the enzymes that 
participate in the “core” flavonoid biosynthesis. As a result, they represent an ideal model system 
to use to study regulation of the conversion of flavanones (naringenin) to flavanone glycoside 
derivatives (naringin). Citrus GTs acting on flavonols, chalcones, flavanones and flavones have 
been isolated and characterized (McIntosh and Mansell 1990; McIntosh et al. 1990; Bar-Peled et 
al. 1991), but none have been cloned. 
The derivatization reaction of flavanones (naringenin) in grapefruit is a major metabolic 
pathway that converts a significant amount of naringenin into one specific product, naringin. To 
date, only one highly specific flavanone glucosylating enzyme involved in the 7-O-glucosylation 
of flavanones in Citrus paradisi has been isolated and characterized from grapefruit seedlings 
(McIntosh and Mansell 1990; McIntosh et al. 1990). This enzyme, naringenin 7-O-
glucosyltransferase (7GT; E.C.2.4.1.185) plays an important role in the regulation of naringin 
biosynthesis in grapefruit and was the main interest in this study. 
  Naringin is biosynthesized from naringenin via a step-wise addition of two sugars to the 
7-position of the aglycone naringenin (Fig. 5).  A molecule of glucose from uridine 5’-
diphosphoglucose (UDP-glucose) is the first sugar added to the 7-O position of naringenin to 
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 form prunin in a reaction catalyzed by the 7GT. A rhamnose from UDP-rhamnose is then added 
to the prunin at carbon #2 of the glucose to form the bitter diglycoside naringin (Kesteron and 
Hendrickson 1957; McIntosh and Mansell 1990; Bar-Peled et al. 1991) (Fig. 5). The location, 
distribution, and levels of naringin during growth and development of grapefruit tissues have 
been well studied (Kesterson and Hendrickson 1957; Fisher 1968; Jourdan et al. 1985; McIntosh 
et al.1990).  
 
 
 
Figure 5. Synthesis of naringin from naringenin. 7GT = 7-O-glucosyltransferse (McIntosh and 
Mansell 1990) and RT = rhamnosyltransferase (Bar-Peled et al. 1991) (McIntosh 1990). 
 
 
In grapefruit, 7GT diverts a large proportion of naringenin into production of naringin 
that constitutes from 40-70% of the dry weight of very young fruit (Kesteron and Hendrickson 
1957; Jourdan et al. 1985). This derivatizing enzyme occurs in relatively low abundance, but is 
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 highly active and very important in determining the metabolic fate of naringenin in grapefruit. 
Comparison of grapefruit 7GT to other plant GTs has shown that 7GT is over 10,000 times less 
sensitive to UDP inhibition than any other plant GTs (McIntosh et al. 1990; Durren and 
McIntosh 1999 and references therein). 
Structural elucidation and gene sequencing are critical aspects to fully understand the 
structure/function relationships of an enzyme. Despite its purification and biochemical 
characterization (McIntosh et al. 1990), grapefruit 7GT has not been characterized very well and 
its sequence is not known. Elucidation of its structure would allow us to address the following 
questions: What determines the direction of the conversion of flavanones to either flavanone 
glycosides or to other core flavonoid classes? Why do grapefruit seedlings accumulate high 
amount of flavanone diglycoside (naringin) than other plants that have glucosyltransferases? 
Why is that grapefruit 7GT is less sensitive to UDP inhibition than other plant GTs? What are 
the structural features of 7GT in grapefruit seedlings responsible for its unique characters?  
The goal of this research was to address such questions by first isolating, cloning, and 
sequencing putative GTs from young metabolically active grapefruit leaves using the SMART 
RACE RT-PCR system. These clones would subsequently be characterized to see if any might 
be 7GT, and then compare its structure to other biochemically known flavonoid GTs. To date, 
five 5’ and one 3’ partial GT candidate clones have been isolated and their sequences have been 
analyzed. 
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CHAPTER 2 
MATERIALS AND METHODS 
Plant Materials 
Duncan grapefruit seeds (Citrus paradisi) were obtained from the Citrus Budwood 
Registry, Florida Department of Agriculture and Consumer Services, Division of Plant Industry, 
(Winter Haven, FL). Seeds were soaked in flowing tap water for 24 hours, planted in flat trays 
with soil, and grown under greenhouse conditions. 
 
Kits, Reagents (Chemicals) and Instruments 
The RNeasy Plant Mini Kit including RNeasy Mini Spin Columns (Pink), QIAshredder 
Spin Columns (lilac), collection tubes (1.5 and 2 ml), RNase-free water and buffers (RLT, RW1, 
and RPE) was purchased from QIAGEN (Valencia, CA). The SMART RACE cDNA 
Amplification Kit, with the following reagents: SMART II Oligonucleotide (10 µM), 3’ and 5’-
RACE cDNA Synthesis Primers (3’ and 5’-CDS respectively; 10 µM), 5X First-Strand buffer, 
dithiothreitol (DTT; 20 µM), deionized water, 10X Universal Primer Mix (UPM), Nested 
Universal Primer (NUP; 10 µM), control reagents; Human Placental Total RNA  (1 µg/µl), 5’-
RACE TFR Primer (1 µM) and 3’-RACE TFR Primer (10 µM), general reagents; dNTP mix 
(dATP, dCTP, dGTP, dTTP, each at 10 µM), Tricine-EDTA buffer, 50X Advantage 2 
Polymerase Mix, MMLV reverse transcriptase (200 units/µM),10X Advantage 2 PCR Buffer,  
PCR-Grade Water, and Control DNA Template was purchased from BD CLONTECH 
laboratories, Inc. (Paulo Alto, CA). Cyclo-Prep: MiniPrep Plasmid DNA Purification Kit that 
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 includes, Cell Resuspension Solution, Cell Lysis Solution, Neutralization Solution, Wash 
Solution, Spin Columns and Collection tubes was obtained from AMRESCO Inc. (St. Louis, 
MO). TOPO TA Cloning Kit for Sequencing that includes: linearized plasmid vector (pCR4-
TOPO); (10 µl), Salt Solution (50 µl), SOC Medium, and other reagents were purchased from 
INVITROGEN Life Technology (Carlsbad, CA). GenElute Minus EtBr Spin Columns for EtBr 
free DNA recovery, DEPC and kanamycin β sulfate were purchased from SIGMA Inc. (St.Louis, 
MO). EcoRI restriction enzyme, Buffer H (10X), 100 bp (G210A) and λ-markers were 
purchased from PROMEGA (Madison, WI) and 1% 2-mercaptoethnol (BME) was purchased 
from Fisher Scientific (Pittsburgh, PA). Powdered X-gal (5-Bromo-4-chloro-3-indolyl-β-D-
galactopyranoside; 100 mg) was purchased from Fisher and diluted at the manufacturer’s 
direction.  
Ethanol (95%), ethidium bromide (EtBr, 10 mg/ml stock solution), DNA and RNA 
loading buffers, DEPC (diethylpyrocarbonate) treated water, formaldehyde agarose (FA) gel 
electrophoresis buffer (10X and 1X FA), Tris Acetate EDTA  (TAE) buffer (50X and 1X), 
Luria-Bertani (LB) medium, kanamycin, LB agar plates, and staining solution (TAE + EtBr) 
were prepared as described in the appendix B. 
Oligo Gene Specific Primers (GSP1 reverse and GSP1 forward) and Clone Specific 
Primers (named as CSP2, CSP3 and CSP4) were designed using the computer program OLIGO 
primer analysis Version 5 and synthesized by Integrated DNA Technologies (IDT), Inc.  
Eppendorf Mastercycler gradient  (Eppendorf Scientific Inc.) and Sorvoll Biofuge Pico 
(Kendro Laboratory Products, maximum 13,000 rpm) were used for PCR reactions and sample 
centrifugation, respectively.  
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Total RNA Extraction 
In order to create and maintain an RNase-free environment during RNA extraction, all 
non-disposable plastic wares were treated with 0.1 M NaOH, 1 mM ETDA followed by DEPC-
treated water, and all other equipment (glassware, spatulas, razor blades, mortar, and pestles) 
were cleaned with detergent, thoroughly rinsed, and oven-baked overnight at 250 0C to ensure 
that they were RNase-free. Electrophoresis tanks were cleaned with detergent solution, rinsed 
with water, dried with ethanol, and then filled with a solution of 3% H2O2   for 10 minutes, before 
thoroughly rinsed with RNase-free water. Water and aqueous solutions were treated with 0.1% 
DEPC, vortexed vigorously and incubated for 12 hours at 37 0C. To remove any trace of DEPC, 
each solution was autoclaved for 15 minutes. 
Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen). Young, metabolically 
active, light green Duncan grapefruit leaves were collected from the greenhouse in the 
Department of Biological Sciences at ETSU and were kept on ice to carry them to the 
biochemistry laboratory. The leaves were cleaned of debris, washed with deionized water, 
drained, and weighed. The leaves were then quickly frozen with liquid nitrogen and ground to a 
fine powder using an RNase-free, chilled mortar and pestle on an ice bucket. Fine powder 
(approximately 100 mg) was transferred into a previously tared 1.5 ml microfuge tube and the 
nitrogen liquid was allowed to evaporate, and then 450 µl RNeasy Lysis buffer (RLT) containing 
1% 2-mercaptoethanol (BME, Fisher) was added. The sample was vortexed vigorously and the 
lysate was transferred to a QIshredder spin column (Qiagen) followed by centrifugation for 2 
minutes at maximum speed (13,000 rpm). The flow-through was carefully transferred into a new 
RNase-free 1.5 ml microfuge tube, and 200 µl of 95% ethanol was added to the extract. This 
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 mixture was added onto an RNeasy mini spin column (Qiagen) and centrifuged for 15 seconds at 
13,000 rpm. The flow-through was discarded and the RNeasy column was washed with 700 µl of 
RNeasy wash buffer (RW1) and centrifuged for 15 seconds at 13,000 rpm. The flow-through for 
this step was again discarded and the spin column was placed into a new 2 ml collection tube. 
Then 500 µl RPE buffer (diluted with 95% ethanol according to the manufacturer’s direction) 
was added to the column, centrifuged for 15 seconds at 13,000 rpm, and the flow-through was 
discarded. This step was repeated followed by 2 minutes centrifugation. The RNeasy spin 
column was transferred into a new 1.5 ml collection tube and 30 µl of RNase-free water was 
added to the column. The tube with the spin column was centrifuged for 1 minute. This step was 
repeated with 10 µl RNase-free water and a total of 40 µl RNA was collected from each sample. 
The absorbance (A) of the collected RNA was determined at 260 and 280 nm wavelengths using 
a spectrophotometer and the following formula was used to quantify the amount of RNA in the 
sample: 
      A260 X 50 (dilution factor) X 40 (conversion factor)/ µl = µg/µl 
 
The integrity and size distribution of the total RNA was determined by running  
1 µl and 2 µl aliquots of RNA on formaldehyde agarose (FA) gel. Two sharp RNA bands 
representing ribosomal RNA appearing on the stained gel indicate good RNA.  RNA purity was 
determined by the ratio taken between A260/A280 readings, and in water (10 µl RNA in 490 µl of 
water) the reading ranges between 1.5 to 1.9 (RNeasy Mini Handbook 1999). 
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 Primer Design 
Primer design is the single largest variable in PCR applications and is the most important 
factor in determining the result of PCR reactions (SMART RACE cDNA Amplification Kit User 
Manual, 2000). For the complete SMART RACE protocol to synthesize a 7GT cDNA clone 
from the extracted total RNA, gene specific primers (GSPs) were designed. However, because no 
sequence has been reported for flavanone specific-7GT to date, such information was not 
available to design exact specific primers. To address this problem, a biochemically-based 
strategy was followed in designing a potential primer using the information from the PSPG box. 
The PSPG box is a consensus sequence of plant secondary product glucosyltransferases that use 
UDP-glucose as the sugar donor. Of the over 80 “putative” GT sequences reported so far, six 
sequences were chosen based on their established biochemical roles as to aglycone substrate and 
position of glucosylation. These sequences were aligned and a highly conserved area of about 7 
amino acids long was seen within the PSPG box (Fig.  6). These 7 amino acids were used to 
design the forward and reverse gene specific primers (GSP1 forward/reverse). The Tm value of 
each of the designed GSPs was 55.90C. The actual nucleotide sequences for the designed GSP1 
were: 
GSP1 forward 5’-A C G C A T T G C G G G* T G G A A T T C -3’ 
                   T         C         T        C                       C 
              A           T 
              A 
GSP1 reverse 5’-G A A T T C C A C* C C G C A A T G C G T -3’ 
   G          G           A        G        A 
             A           T 
             T 
* used universal base here to cut down on redundancy 
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Figure 6. The PSPG box and region of primer design. The PSPG box (big rectangle) region starts 
at amino acid number 12 (W) and the region used for primer design occurs from 29-35 (arrow 
small box). Y18871 = Dorotheanthus bellidiformis   betanidin-5-O-glucosyltransferase, 
D85816= Gentiana triflora UDP-glucose: flavonoid-3-glucosyltransferase, U81293= 
Arabidopsis thaliana, UDP-Glucose: indole 3-acetate, AF000371= Vitis vinifera Flavonoid: 3-O-
glucosyltransferase, AB002818= Perilla frutescens flavonoid 3-O-glucosyltransferase, 
AF028237= Ipomoea purpurea UDP Glucose: Flavonoid 3-O-glucosyltransferase 
 
The 2 GSPs were designed to include a universal base in 1 position (GCTA/CGAT) to 
decrease degeneracy. Once synthesized, a stock concentration of 200 µM was prepared by first 
flicking then spinning for 10 seconds before opening the tube and adding the appropriate amount 
of deionized water.  A total volume of 1177 µl of deionized water was added to the GSP reverse 
(235 nmoles) using the following formula: 
Molar (M) = #moles/total volume (L) 
 
The prepared stock solution was divided into 4 test tubes each having 294.3 µl. Then  
10 µM working solutions (final volume 100µl) were prepared by adding 95 µl of deionized water 
to a 5 µl of 200 µM GSP reverse from 1 of the 4 test tubes and all were labeled and stored at -
200C. 
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 cDNA Synthesis 
To synthesize a cDNA from the extracted RNA, the Clontech SMART RACE cDNA 
Amplification Kit was used. The SMART (Switching Mechanism At 5’ end of RNA Transcript) 
technology provides a mechanism for generating complete cDNAs in reverse transcription 
reactions, which is made possible through Clontech’s SMART primer. This SMART primer with 
its corresponding dG residues anneal to the dC-rich cDNA tail. After the reverse transcriptase 
(RT) switches templates from the mRNA to the SMART oligo, a complete cDNA copy of the 
mRNA is synthesized with the additional SMART sequence at the 5’end, ensuring that the entire 
cDNA is available for amplification (SMART RACE cDNA Amplification Kit User Manual, 
2000). 
First Strand 5’-RACE Ready cDNA Synthesis (5’-CDS) 
Of the several ways to construct a putative full-length cDNA, the strategy followed was 
to amplify the 5’ end of the 5’ RACE product first (using GSP1 reverse) to obtain the sequence 
of the extreme end of the transcript and then use that information to amplify the 3’ end of the 
transcript. The first strand 5’-RACE ready cDNA was synthesized as follows: 1.5 µl of young 
grapefruit leaf RNA sample, 1 µl of the 5’-CDS primer, 1 µl of the SMART II oligo primer, and 
1.5 µl of sterile water were put in a 1.5 ml microcentrifuge tube. The contents were mixed gently 
and spun briefly. The sample was incubated at 70 0C for 2 minutes followed by 2 minutes on ice. 
The sample was then briefly centrifuged to collect the contents at the bottom. The following was 
added to the reaction tube (already containing the 5 µl sample): 2 µl 5X First-Strand buffer; 1 µl 
DTT (dithiothreitol; 20 mM); 1 µl dNTP Mix (10 mM); and 1 µl MMLV reverse transcriptase 
(RT) (200 units/µl). The total volume of 10 µl was gently mixed by pipetting, spun down and 
incubated for 1.5 hr at 420C in an air incubator. Finally, the reaction was diluted with 100 µl 
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 Tricine-EDTA buffer, followed by heating at 72 0C for 7 minutes to deactivate DNases and then 
stored at –20 0C. 
5’RACE PCR 
A master mix (containing PCR-Grade water, 10X advantage 2 PCR buffer, dNTP mix 
(10 mM), and 50X Advantage 2 polymerase mix) was prepared for the PCR reaction according 
to manufacturer’s instructions, and two 5’RACE PCR reactions were set up accordingly: 2.5 µl 
5’RACE-Ready grapefruit cDNA (experimental); 5 µl 10X Universal Primer mixture (UPM); 1 
µl Gene specific Primer (GSP1 reverse); and 41.5 µl Master mix; positive and negative control 
RACE experiments (50 µl each) were prepared as in Table 2. 
 
An Eppendorf hot-lid gradient thermal cycler was used for the PCR amplification 
reaction. The thermal cycler was set to an average annealing temperature of 59 0C (with a 
gradient temperature of +/- 3 0C) for 40 cycles. The sample with a lower (56 0C) temperature 
(sample B) was placed on the left side block and the one with high (62 0C) temperature (sample 
A) on the right side block of the thermal cycler. The cycling conditions were as follows: 
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 Control   Block 
Lid    105 0C 
Wait     Auto 
 
 Condition  Time 
1. 94 0C   1 min 
2. 94 0C   10 sec 
3. 59 0C   10 sec 
  +0.00   +0.00 
 R= 3.00/S  +0.00/S 
 G = 3 0C 
4.  72 0C   3 min 
5.  Go to 2 Repeat 39 cycles 
6. Hold   4 0C 
 
 
Table 2. 5’RACE control and grapefruit (experimental) PCR reaction set up. Two reactions 
(n=2), one annealing temperature at 56 0C and another at 62 0C were prepared for the grapefruit 
cDNA synthesis. 
 
Components  5’-RACE Internal  UPM only GSP1re  Experi-  
   Control  Control  (-control) (- control) mental 
     (5’cDNA)     (n=2) 
Control 5’-RACE- 
Ready cDNA  2.5 µl    2.5 µl        -                 -    - 
   
5’RACE ready 
 Grapefruit cDNA     -    -       2.5 µl 2.5 µl  2.5 µl 
 
 5’-RACE  
TFR Primer (10 µM) 1 µl  1 µl          -     -  - 
 
3’RACE  
TFR primer (10 µM -  1 µl          -     -  - 
 
UPM (10X)  5 µl  -        5 µl     -    5 µl 
 
GSP1 reverse 
 (10 µM)  -  -          -    1 µl    1 µl 
 
 
H2O   -  4 µl        1 µl    5 µl  - 
 
 
Master Mix  41.5 µl  41.5 µl       41.5 µl 41.5 µl  41.5 µl  
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 The PCR products (5 µl each 5’- RACE sample, 5 µl distilled water, and 2 µl DNA loading 
dye), 100 bp (G210A) and λ-markers (Promega) were analyzed on 1% TAE agarose 
electrophoresis gel (105 volts). After the first strand 5’cDNA synthesis, Nested Universal Primer 
PCR (Primary and Secondary) reactions were routinely used for the 3’-RACE reactions because 
of the high level of nonspecific background amplification results experienced when using the 
Universal Primer Mix only. The procedure for nested PCR reaction was:  
Primary PCR reaction 
1. 34.5 µl PCR grade water 
2. 5.0 µl  10X advantage 2 PCR buffer 
3. 1.0 µl  dNTP mix (10 mM) 
4. 2.5 µl  3’RACE Grapefruit sample 
5. 5.0 µl  UPM (10X) 
6. 1.0 µl  GSP2 (10 µM) 
7. 1.0 µl  50X advantage 2-polymerase mix 
 This reaction was run for 20 cycles in a PCR thermal cycling machine set as follows 
1. T= 94  1 min 
2. T= 94 10 sec 
3. T = 62 10 sec 
4. T= 72 3 min 
5. Go to 2 Repeat 19 cycles 
Then 2 µl of the primary PCR product was diluted with 98 µl Tricine EDTA buffer and a nested 
(secondary) PCR reaction was performed as follows: 
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 1. 36 µl PCR grade water 
2.  5.0 µl  10X advantage 2 PCR buffer 
3.  1.0 µl  dNTP mix (10 mM) 
4.  5.0 µl  Diluted Primary PCR product 
5.  1.0 µl   NUP  
6.  1.0 µl  GSP2 (10 µM) 
7.  1.0 µl  50X advantage 2 polymerase mix 
Then thermal cycling program was used as described for the primary PCR reaction. 
DNA Recovery 
The remaining 45 µl PCR product of sample B (56 0C), which gave several distinct 
bands, was mixed with 9 µl loading dye and loaded into a 1% agarose gel with a wide 6-well 
comb, electrophoresed for 55-60 minutes at 105 volts, and stained with ethidium bromide (EtBr) 
for 20-30 minutes. To recover EtBr-free DNA from the stained agarose gel, a GenEluteMinus 
EtBr Spin Column (Sigma) was used and the protocol was as follows: GenEluteMinus EtBr 
Spin Columns were placed into collection tubes. Each spin column was filled with 100 µl water, 
capped, and centrifuged at maximum speed (13,000 rpm). The flow through was discarded and 
the collection tube was reused for next step. Bands of interest were rapidly excised from the gel 
using sterile razor blades in a dark room to avoid any light damage to the DNA. The gel was 
sliced as close as possible to the DNA band to eliminate the processing of excess agarose and to 
keep the DNA more concentrated. Each excised gel slice was chopped into small particles using 
sterile scalpels to enhance the recovery and was loaded into a spin column, followed by 10 
minutes centrifugation at maximum speed (13,000 rpm) to elute the DNA. The purified DNAs 
were used immediately. 
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 TOPO Cloning 
Isolated DNAs were ligated into a pCR4-TOPO vector using the TOPO TA Cloning Kit 
(Invitrogen). Four reactions in total (2 positive controls, 1 negative control, and 1 experimental) 
were prepared as follows: 
1. Positive control transformation; 0.5 µl Puc19 plasmid 
2. Positive control ligation; 0.5 µl control PCR product, 4.0 µl water, 0.5 µl TOPO vector 
and 1.0 µl salt solution 
3. Negative control (vector only without PCR product); 4.5 µl water, 0.5 µl TOPO vector 
and 1.0 µl salt solution 
4. Grapefruit (Experimental); 4.5 µl 5’RACE product, 0.5 µl TOPO vector and 
1.0 µl salt solution 
Each sample (6 µl total) was mixed gently and incubated at room temperature for 20 minutes. 
The ligated plasmids were transformed into 25 µl competent pCR4-TOPO cells (Invitrogen). 
The transformed reactions were incubated on ice for 30 minutes followed by heat shocking the 
cells for 30 seconds at 42 0C in heat block to increase the metabolic activity of the cells in order 
to increase the uptake of vector, and then were immediately returned to the ice bath for 2 
minutes. After 2 minutes, 125 µl of room temperature SOC medium (Appendix B) was added to 
each reaction, capped tubes tightly, and taped horizontally in a shaking incubator set at 37 0C, 
200 rpm for 1 hour.  
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 Monitoring Transformants 
An 80 µl aliquot of X-Gal (20 µg/µl) was spread on LB agar plates and placed in a 37oC 
incubator to dry.  Then 150 µl transformation reaction was spread on each LB/kanamycin (50 
µg/ml)/X-Gal plate. Plates were incubated for overnight at 37 oC. The kanamycin selects for all 
cells that have taken up plasmid, while X-gal permits the identification of colonies, which 
contain plasmids with DNA inserts. Identification was based on color selection assay, plasmids 
contain a portion of the lac Z gene that encodes for β-galactosidase and X-gal is a substrate of 
this enzyme. When such plasmids are carried by the competent strains of E. coli, the lac Z gene 
is active and the β-galactosidase converts the X-gal to a blue product, which gives rise to blue 
colonies. If foreign DNA is inserted into the plasmid, the lac Z gene is inactivated and the 
colonies remain white.  
Plasmid MiniPrep 
Individual white colonies were selected and each was inoculated into 3.5 ml LB medium 
with kanamycin (final concentration of 50 µg/ml). Cell cultures were placed on a 37oC shaker at 
200 rpm for 1-2 days depending on how cloudy the cultures were. The Cyclo-Prep MiniPrep 
Plasmid DNA Purification Kit (Amresco) was used for plasmid DNA purifications. The plasmid 
isolation protocol was as follows:  1.5 ml of the overnight culture was transferred into a 1.5 ml 
microcentrifuge tube and spun at top speed (13,000 rpm) for 1 minute. The supernatant was 
removed from the tube; the microcentrifuge tube was refilled with 1.5 ml of additional culture 
cells, spun at maximum speed for 1 minute. The supernatant was discarded and the tube was 
placed upside down on a paper towel to discard any remaining liquid. The cell pellet was 
resuspended in 200 µl of the Cell Resuspension Solution (solution 1) by pipetting the solution up 
and down to achieve complete resuspension. Then 200 µl of the Cell Lysis Solution (solution 2) 
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 was added and mixed by gentle inversion (5-6 times) until the mixture became clear and viscous. 
Immediately 200 µl of Neutralization Solution (solution 3) was added and mixed by 5-6 times 
gentle inversion. The sample was centrifuged at 13,000 rpm for 5 minutes and the clear lysate 
was carefully removed (without disturbing the white precipitate), the Cyclo-Prep Spin Column 
was placed into a collection tube and the clear lysate was added onto it and centrifuged for 30 
seconds at 13,000 rpm. The filtrate was discarded and 700 µl Wash Solution was added to the 
spin column, the column was spun at 13,000 rpm for 30 seconds, filtrate was discarded from the 
collection tube, and the column was spun again for 3 minutes to remove any residual traces of 
ethanol. Finally, the spin column was placed into a new microcentrifuge tube, 50 µl ultrapure 
water (60 0C) was added into it, and the plasmid DNA was eluted by centrifugation at 13,000 
rpm for 30 seconds. DNA was stored at –20 oC. 
To verify the size of the insert, a diagnostic EcoRI restriction enzyme digestion reaction 
for each sample was conducted as follows: 2 µl plasmid DNA, 1 µl buffer H (10X),  
0.75 µl EcoRI restriction enzyme (Promega), and 6.5 µl dH2O were put into a microcentrifuge 
test tube and incubated at 37 oC for 2 h. After incubation, 2 µl DNA loading dye was added to 
each digested reaction. All the digested reaction and two markers (100 bp and λ-markers; 
Promega) were electrophoresed on 1% agarose gel in 1X TAE buffer for 55- 60 minutes at 105 
volts. The gel was stained with 0.5 mg/ml (final concentration) ethidium bromide (EtBr) in a 
container for 20-30 minutes, took a picture, and estimated the exact size by comparison with the 
markers. Plasmids that contain large sized, clear, and sharp bands as inserts were retained. For 
those samples, the remaining 0.5 ml culture was mixed with an equal amount of sterile 50% 
glycerol and stored at –80oC.  
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 Clone Sequencing 
The purified plasmid DNAs (approximately 40 µl each) were sent to the University of 
Tennessee Molecular Core Facility for sequencing with T3 and/or M13 forward, plasmid-
priming sites (promoters) that flank the insert. The M13 forward priming site was routinely used 
instead of T7, because the Universal Primer Mix was found to be part of the T7 priming site and 
that caused difficulty for analyzing sequences (too noisy). Sequence of the insert was determined 
by sequential identification of plasmid DNA, followed by locating the Universal Primer (Nested 
Universal Primer) or Gene Specific Primer (GSP), then, the gene of interest (PCR product). For 
shorter inserts, the entire sequence was obtained. To confirm the obtained data, each partially 
cloned DNA was sequenced in the opposite direction. The forward sequence was first converted 
into its reverse complement sequence and then was aligned with the reverse sequenced gene 
using the BioEdit Sequence Alignment Editor program. This way undetermined N’s in either 
sequence were resolved by matching both sequences; thereby, a complete sequence was 
obtained. 
Data Analyses 
Once the clone sequence was verified by locating each of the above sequences, a FASTA 
and BLAST search for sequence similarity was made from the DNA sequence data bank. Of the 
several sequences pulled out that match in some parts with the new clone, only those that contain 
the conserved PSPG region and highest overall homology with full sequences were selected for 
further BioEdit alignment with the putative sequence. Alignment was made by locating the 
conserved area of the PSPG box of the data obtained from the search and the putative sequence. 
Once the alignment was accomplished, 3 bases of the new sequence were grouped together to 
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 represent 1 amino acid. This way, the amino acid sequence of the whole gene was established 
and then was confirmed by the translated frames of the Swissprot ExPassy translation program.  
 
  Five total distinct 5’clones were obtained from the 5’RACE product and were named as 
TA110-2A2, TA110-2B2, TA111-2B2, 119-1A, and TA119-1C. From each clone, clone specific 
primers (CSPs) were designed to use in PCR with the 3’-RACE cDNA as a template to obtain 
clones of the 3’ portion of these genes. Primers were designed to allow 40-60 bp overlap (before 
the starting of the conserved PSPG box) using the OLIGO program version 5 and were 
synthesized by Integrated DNA Technologies (IDT) Inc. Clones TA 110-2A2 and TA110-2B2 
were similar except in 10 nucleotide positions, hence the same CSP2 (20mer) was designed for 
both. The designed primers for TA 111-2B2 and TA119-1C were named as CSP3 (20mer) and 
CSP4 (24mer) respectively.  
The designed CSPs were: 
CSP2  5’- GTG GTC TTG CCT GAC GAG TA-3’ 
 
CSP3  5’- CGT CGG CTT GGA TCG TCC TC- 3’ 
 
CSP4  5’- TGG GTT GTA GAG GAT GGC TTT GAA- 3’ 
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 First Strand 3’-RACE Ready cDNA Synthesis (3’-CDS) 
First strand 3’-RACE Ready cDNA was synthesized as follows: 1.5 µl of young 
grapefruit leaf RNA sample, 1 µl of the 3’-CDS primer, and 2.5 µl of sterile water were put in a 
1.5 ml microcentrifuge tube. The contents were mixed gently and spun briefly. The sample was 
incubated at 70 0C for 2 minutes followed by two minutes wait on ice. The sample was then 
briefly centrifuged to collect the contents at the bottom. The following was added to the reaction 
tube (already containing 5 µl): 2 µl 5X First-Strand buffer; 1 µl DTT (dithiothreitol; 20 mM); 1 
µl dNTP Mix (10 mM); and 1 µl MMLV reverse transcriptase (RT) (200 units/µl). The total 
volume of 10 µl was gently mixed by pipetting, spun down and incubated for 1.5 h at 420C in an 
air incubator. Finally, the reaction was diluted with 100 µl Tricine-EDTA buffer, heated at 72 0C 
for 7 minutes and stored at –20 0C. 
3’RACE PCR 
A master mix (containing PCR-Grade water, 10X advantage 2 PCR buffer, dNTP mix 
(10 mM), and 50X Advantage 2 polymerase mix was prepared for the PCR reaction according to 
manufacturer’s instructions. Positive and negative control RACE experiments were carried out as 
follows (50 µl total): 
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 Table 3. 3’RACE control and experimental PCR reaction set up. Cycling conditions and 
parameters were as described previously in the 5’RACE PCR amplification reaction. For the 
experimental (grapefruit), two reactions at different annealing temperatures (560C and  620C ) 
were run. 
 
 
Components  3’-RACE Internal  UPM only GSP1for  Experi-  
   Control  Control  (-control) (- control) mental 
     (3’cDNA)     (n=2) 
3’RACE Ready  
grapefruit cDNA    -   -   2.5 µl    2.5 µl  2.5 
 
Control 3’-RACE 
-Ready cDNA    2.5 µl  2.5 µl     -      -  - 
 
5’RACE TFR 
 Primer (10 µM)       -  1.0 µl     -      -  - 
 
 
3’RACE TFR  
Primer (10 µM)    1.0 µl  1.0 µl     -      -  - 
 
UPM (10X)    5.0 µl    -     5 µl      -  5 µl 
 
GSP1 forward       -    -      -       1 µl               1 µl  
 
H2O       -  4.0 µl     1 µl       5 µl  - 
 
Master Mix    41.5 µl  41.5 µl   41.5 µl     41.5 µl 41.5 µl  
 
 
 
PCR products were analyzed on 1% TAE agarose electrophoresis gel. The preparative gel and 
DNA recovery, cloning, transformation into competent cells, colony plasmid DNA purification, 
sequencing, and sequence analysis were as previously described. The 5’ and 3’ clones were 
aligned, the overlapping area identified, and information from the 5’ and 3’ clones were put 
together to obtain complete sequences. 
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 CHAPTER 3 
RESULTS 
The objective of this research was to use RT-PCR to obtain putative GT clones from 
young grapefruit leaves. The strategy involved isolation of RNA from young metabolically 
active grapefruit leaves, 5’-SMART RACE cDNA synthesis, 5’PCR of putative GTs, cloning of 
PCR products from the 5’ ends of mRNAs, clone sequencing, conducting identity/similarity 
search for each sequence, and aligning sequences using the BioEdit program. Subsequently, 
primers from the 5’ clones were designed and 3’RACE PCR was performed to deduce full-length 
sequence of the putative GTs. 
Total RNA Extraction 
Total RNA was isolated from young metabolically active grapefruit leaves as previously 
described. The concentration and purity of the RNA was determined by measuring the 
absorbance at 260 nm (A260) and 280 nm (A280) in a spectrophotometer (Table 4). The ratio 
between the absorbance values of 260 and 280 nm gives an estimate of RNA purity and ranges 
from 1.5-1.9 for a clean sample (RNeasy Mini Handbook 1999). Our total RNA concentration 
was 784 µg/ml with a total yield of 31.4 µg (Materials and Methods) and the RNA had an 
A260/A280 ratio of 2.29 (Table 4). This shows the RNA is good both in concentration and purity. 
Integrity was determined running the RNA (1µl and 2µl) in an agarose/FA gel stained with 
ethidium bromide as previously described. The gel showed 2 sharp ribosomal RNA (rRNA) 
bands and 2 faint bands (Fig. 7). 
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 Table 4.  Absorbance measurement of RNA sample. 10µl of RNA sample was diluted into 490 
µl dH2O. 
 
                       A260  A280 
                                  A1   A2   A1/A2 
                
 
Sample           0.868     0.392        2.21 
           
 
 
 
 
        
 
 
Figure 7. Formaldehyde agarose gel of total RNA. 1 µl (lane 1) and 2 µl (lane 2) isolated from 
young grapefruit seedlings using RNeasy Kit. Two sharp rRNA bands and 2 faint bands were 
obtained that insure the quality and integrity of the isolated RNA. 
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 5’-RACE PCR Reaction Products 
Complementary DNA (cDNA) was generated from total RNA using the Clontech 
SMART RACE cDNA Amplification Kit as described in Materials and Methods. The 5’RACE 
Ready cDNA was used in a PCR reaction with GSP1 reverse resulting in 4 distinct bands and a 
smeared space between the first and second bands (Fig. 8). For convenience, the 5’ SMART 
RACE PCR bands were named (from large to smaller band size) as band A, B, C, D and the 
smear between bands A and B was named S for ‘space’ (Fig. 8). As a control, GSP1 only and 
UPM only reactions were run separately. The GSP1 only reaction showed no bands, whereas the 
UPM only reaction had several bands due to the low PCR annealing temperature (56 0C). The 
5’RACE PCR bands were distinct from the bands in the UPM only control (Fig.  8). 
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Figure 8. Analytical and preparative gel pictures for 5’RACE PCR product. The analytical gel 
picture shows the 5’RACE PCR reaction, the UPM only and the GSP1 only controls along with 
the lambda and 100 bp ladder markers. As expected, no bands were observed in the GSP1. 
However, several bands were seen in the UPM only control and the 5’RACE PCR products were 
distinct from the bands in the UPM only reaction. The preparative gel shows 100 bp ladder and 
the four 5’RACE distinct bands and the space. A (>2200bp), B (~1200bp), C (700-800bp), and D 
(~500bp) and a smear S (>1200bp) between bands A and B. Each band was carefully excised to 
recover the EtBr free DNA, purified as described, and stored at -200C.  
 
5’-RACE PCR Products TOPO TA Cloning 
Each gel-purified band from the 5’-PCR product was cloned, transformed, and cultured in 
LB medium. Plasmid DNA was isolated and subjected to restriction enzyme digestion as 
previously described. Each reaction was then loaded into 1% agarose in TAE to verify presence 
of inserts. Band C was cloned in 2 separate reactions (TA110-2 and TA117-4). Three distinct 
clones (495, 729, and 704 bp long) were obtained from the first reaction (Fig. 9), and 2 
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 additional clones (550 bp each) were obtained from the second reaction (Fig. 10). Band D was 
also cloned in 2 separate reactions (TA111 and TA119) and each reaction gave 3 clones (314, 
394, and 201) (Fig. 11) and (379, 379, and 374 bps) (Fig. 12), respectively. 
The smear between bands A and B was cloned only once and resulted in only 1 
transformant with a 334 bp insert (Fig. 9). Band B was cloned twice and in the first cloning 
reaction, a total of 12 white colonies were obtained.  After plasmid DNA purification and 
digestion reaction, however, no inserts were observed (data not shown). To verify this result, the 
PCR product of this band was again cloned and no white colonies were observed. No attempt 
was made to clone band A because of its relatively large size (> 2200bp) compared to known GT 
sizes (Fig. 8). Table 5 summarizes all the band sources, cloning number, and estimated and 
actual size of all clones. 
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      Vector 
Figure 9. Gel picture for clones from band C and from the smear ‘S’.  Clones110-2A1, 2A2, 
2A3, 2A5 and 2B2 are from band C and clones 110-1B1, 1B2 and 1B3 came from S. After 
digestion reaction the vector size (~4000 bp) was separated from each insert and the size of each 
insert was estimated before sequencing. The estimated insert sizes for clones 110-2A1, 2A2, and 
2B2 were 660, 810, and 790, respectively. Insert 110-2A3 was very faint and there was no inset 
for 110-2A5. The estimated clone size of the only transformant (110-1B1) from the smear was 
400 bp. No insert was obtained from 110- 1B2 and 1B3. Mixed (100 bp and λ) markers (M) were 
used for band size estimation. 
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Insert 500bp 
Figure 10. Gel picture of band C from the second cloning reaction. Clones 117-4A and B have 
the same estimated band size (550 each). No insert bands were obtained from 117-C and D. 100 
bp ladder and the lambda markers were loaded separately. 
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Figure 11. Clone reaction TA 111 for band D run into 2 separate gels (gel # 1 and 2). The 
estimated insert size for clone 111-2A3 was 550 bp. Band 111-2A4 was very faint and shorter 
than 111-2A3 with an estimated insert size of 500 bp. The estimated insert size of clone 111-2B2 
was 300 bp (gel #2). 
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500bp 
 
Figure 12. Clone reaction TA119 for band D. Three inserts 119-1A, 119-1B, and 119-1C were 
obtained. Using a standard curve from the size of the markers, the size of each band was 
estimated and sent for sequencing. Their estimated sizes were 450, 450, and 500 bp for 119-1A, 
B, and C, respectively. 
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 Table 5. Clones obtained from the different bands of 5’RACE cDNA PCR product.  Twelve 
clones were obtained from the 5’ PCR reaction and their sequences were analyzed. Using the 100 
bp and λ-markers, a standard curve was constructed against the distances traveled by each 
marker. Then the size of each insert was estimated and was sent to the University of Tennessee 
(UT) Molecular Core Facility. Because the T7 and the UPM were found to have an overlapping 
region, the T3 and M13 primers were routinely used as sequencing primers. The actual insert 
size includes the PCR primers. 
 
 
 
BAND SOURCE TA CLONE #            ESTIMATED  ACTUAL 
                 BAND SIZE         INSERT SIZE  
            
   110-2A1   660      UNDETERMINED 
    
      110-2A2   810   773 
    
   110-2B2   790   749 
 
   117-4A   550   595 
 
   117-4B   550   595 
 
    B 
    A 
    N 
    D 
 
    C 
 
 
 
   111-2A3   550   359 
       
   111-2A4   500   439 
    
 
   111-2B2   300   246 
    
   119-1A   450   424 
 
   119-1B   500   424 
 
   119-1C   500   419 
     
 
 
    B 
    A 
    N 
    D 
 
    D 
 
 
 
 SPACE ’S’ 110-1B1   400   379    
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 Clone Sequence Evaluation 
Band C Clones 
TA110-2A1.  The estimated band size of this clone was 660 bp (Fig.  9). The T3 priming 
site (21 bp long) and the UPM (46 bp long) were found preceding the PCR product (Fig. 13). 
Since the sequence is long and full of undetermined nucleotides towards the 3’end, no GSP1 
reverse was found using the T3 primed sequence. The sequence was clear for about 440 
nucleotides before the starting of undetermined N’s and is presented below. 
 
 
 
Figure 13.  Clone evaluation of 110-2A1 with T3 primer. T3 priming side was found at the 
beginning of the sequence (-67 to -47) followed by the universal primer (-46 to -1). Sequence of 
the insert starts at position 1 but no M13 side plasmid vector sequence was found. Undetermined 
N starts at position 441. The GSP1 sequence was expected towards the end of the insert but is 
not present. ‘-‘ at position zero (0) shows the transition between UPM and the cDNA clone. 
 
To resolve the N’s and to locate the missing GSP1reverse sequence, more plasmid DNA 
was isolated and sequenced using the vector M13 primer site and analyzed. The sequence was 
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 full of T’s and N’s and the chromatogram was noisy with flat peaks. No GSP1 sequence was 
found (data not shown) and actual size was not determined (Table 5).  
TA110-2A2. The estimated size of this clone was 810 bp (Fig.  9). The T3 primer was 
used for the first sequence reactions. The T3 side vector (21 bp) and UPM (45 bp) primers were 
identified preceding the actual clone sequence, and then the GSP1 (20 bp) primer sequence was 
found at the end of the insert (Fig. 14). By identifying all these flanking regions, the actual size 
of the gene of insert is found to be 729 bp, including 2 undetermined N’s (at position 690 and 
706) (Fig. 14). To verify the sequence of this clone and to resolve the N’s; the clone was 
sequenced in the opposite direction using the M13 primer (Fig. 14). Two N’s (8 and 16) were 
also appeared in this sequence and were resolved from the T3 primer (Fig. 14) and a complete 
sequence was obtained. 
The position of GSP1 (prior to or after the PCR product) indicates how the DNA was 
ligated with the vector. During primer identification, if the GSP1 reverse is found preceding the 
insert, as in M13 in Fig. 14, it demonstrates the ligation reaction was from the 5’Æ 3’ direction. 
If the GSP1 was found after the insert the ligation reaction was from 3’Æ 5’. The 5’Æ3’ 
direction must be converted into its complementary sequence before aligning with the 3’Æ5’ 
sequence, so that the 2 sequences match (Fig. 14). 
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Figure 14. Clone evaluation of 110-2A2 using the M13 and T3 primers. With T3 primer, the T3 side 
vector sequence (-66 through -46) and UPM (-45 through -1) are found before the actual clone sequence. 
Clone sequence starts at position 1 and ends 729. The GSP1 was found towards the 3’end of the clone 
(710-729). After the GSP1, follows part of the M13 side vector. The M13 derived sequence is aligned in 
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 its reversed form because the GSP1 was first found before the insert during sequence evaluation. The 
UPM and GSP1 are now aligned in the same position as in the T3 derived sequence. The M13 side vector 
is located from 730- 773 and the T3 side vector in position (-60 to -46 underlined).Ns were resolved and a 
complete sequence was obtained. “-“ at position zero (0) shows the transition between the UPM and the 
cDNA clone sequence. 
 
TA110-2B2. This insert size was estimated to be 790 bp before sending for bidirectional 
sequence with the T3 and M13 primers (Fig. 9). During sequence analysis, the insert sequence 
was clear with the T3 sequencing primer, but two undetermined N’s (positions 661 and 669) 
were found in the M13 primed sequence (Fig. 15).  After analyzing the data, the actual size of 
the insert was 704 bp.  Alignment of the sequences allowed verification of the two unknown N’s 
in the M13 sequence as A (661) and G (669) and was obtained the complete sequence of the 
clone (Fig. 15).  
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 Figure 15.  Clone evaluation of 110-2B2 with M13 and T3 primers. The T3 derived sequence was ligated 
in the forward direction hence was converted to its reverse complement. Sequence from -86 through -46 
is part of the M13 side vector, followed by the UPM (-45 through -1). The clone sequence is from 
position 1 to 684, where the GSP1 was found in positions 685- 704. The T3 side of vector is found just 
after the GSP1 (705-728). For the M13 derived sequence, part of the T3 side of vector sequence (705-
729) is found before the GSP1. After the clone sequence, the UPM is found the same position as in the T3 
derived sequence, followed by partial M13 side of. N’s (661 and 669) were resolved and a complete 
sequence was obtained. “-“at position zero (0) shows the transition between the UPM and the cDNA 
clone sequence. 
 
 
 
TAs 117-4A & B. These were the last clones from the PCR product band C. Both clones 
were sequenced using the T3 primer and their actual size was exactly as was estimated (550 bp) 
(Fig. 10). The size of the insert was short and sequencing was clear; the complete sequence was 
determined from one direction only. Fig. 16 shows the step wise insert identification of the clone 
117-4A. Clone 117-4B was also identified in the same fashion and BioEdit alignment of the 
clones showed they were identical.  
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Figure 16. Clone evaluation of117-4A with T3 primer. Some nucleotide sequence from the M13 
side vector (-60 to -46) and the UPM (-45 to -1) are found preceding the actual clone sequence 
(1-530). The GSP1 is located to at the end of the insert (531-550) followed by the T3 side of 
vector sequence (551-577). “-“at position zero (0) shows the transition between the UPM and the 
cDNA clone sequence. 
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Figure 17. Nucleotide sequence comparison of Inserts 117-4A and 117-4B. After step wise 
sequence analysis both clones were aligned and were identical (dot shows identity) 
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 Band D Clones 
TA111-2A3. The insert size was estimated (Fig. 11) and the insert was sequenced from 
both ends (M13 and T3 primers). After identification of all flanking regions (Fig. 18), the actual 
size of this clone was found to be 313 bp long. Alignment of sequences from both priming sites 
showed that they were complementary to each other (Fig. 18). 
Clone evaluation 
 
 
Figure 18. Clone evaluation of 111-2A3 with M13 and T3 primers. Step wise sequence 
evaluation derived from T3 & M13 primers and obtaining complete sequence of 111-2A3 gene. 
Both sequences have the same nucleotide regions for the UPM (-45 to -1) and the GSP1 (295-
314). The T3 side of vector is found at the end of the sequence after the GSP1 (315-341) while 
the M13 side vector is at the beginning of the complete sequence (-96 to -46). Part of each side 
of the T3 and M13 sequences are found before and after the complete sequence. Transition 
between the UPM and the cDNA clone sequence is indicated “-“at position zero (0). 
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 TA111-2A4.  This clone was sequenced bidirectionally after estimating its size (fig.11). 
In all cases, the priming sites M13/T3, the universal primer and post plasmid priming sites were 
identified (Fig. 19). On the T3 priming side, UPM is found at the start of the insert. However, no 
GSP1 was found.on the M13 priming side; the GSP1 was expected to appear at the end of the 
insert.  
 
 
Figure 19. Clone evaluation of 111-2A4 with M13 and T3 primers. In the T3 derived sequence, 
part sequence of M13 plasmid vector is located preceding the UPM at the 5’end of the sequence. 
The actual clone sequence starts at position 1 and the T3 side vector is located towards the 3' end 
(395-420). In the M13 derived sequence, the M13 side vector and the UPM were identified 
before the actual insert starts. No GSP1 sequence was identified in either sequence. As a result 
the clone was assumed to be non-GT. “-“at position zero (0) shows the transition between the 
UPM and the cDNA clone sequence. 
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 TA111-2B2. Because the size of this insert was estimated to be 300 bp, it was sequenced 
from 1 one direction using the T3 primer. All the flanking regions are identified (Fig.  20) and a 
total segment length of 201 bp was obtained.  
 
 
Figure 20. Clone evaluation of 111-2B2 with T3 primer. This clone was sequenced only once 
with T3 primer and all flanking regions were identified. The GSP1 was found before the insert; 
hence, this alignment is the reverse complement of the obtained sequence. 
 
 
TAs119-1A & B. Each insert was size estimated (Fig. 12) and sequenced using the T3 
primer only. After identifying all the flanking regions and the GSP1 site (Fig. 21), the same size 
insert was obtained from both clones. Because clones were aligned using the BioEdit program 
and were found identical, the name 119-1A was taken as a representative during sequence 
analysis. 
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Figure 21.  Clone evaluation of 119-1A with T3 primer. All the flanking regions were identified. 
Part of M13 plasmid side (-60 through -45), UPM (-44 through -1), GSP1 (315-334) and T3 side 
of vector at the end. “-“at position zero (0) is a transition between the UPM and the clone 
sequence. 
 
 
TA119-1C.  The estimated size of this insert was 500 bp (Fig. 12) and was sequenced with 
the T3 primer and evaluated. After identifying all the flanking regions, the actual size of this 
fragment was determined to be 374 bp long (Fig.  22). Because the GSP1 was found preceding 
the insert, the sequence was converted into its reverse complement for sequence evaluation. 
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Figure 22. Clone Evaluation of 119-1C with T3 primer. The actual clone sequence begins at 
position 1 after part of the M13 side vector (-60 to -46) and the UPM (-45 to -1) sequences. “-“ at 
position zero is a transition point between the UPM and the clone sequence. The GSP1 (355- 
374) and the T3 side of vector (375-401) are located on the 3’end. For its size (374 bp only) and 
sequence clarity, backward sequencing using the M13 primer was not performed. 
 
Smear ‘S’ Clone  
TA110-1B1. The cloning reaction from the smear between bands A and B gave a single 
clone (Fig. 9). It was sequenced with T3 primer only and the actual size was 334 bp (Fig.  23).  
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Figure 23. Clone evaluation of 110-1B1 with T3 primer. This was sequenced using the T3 primer 
only and all the flanking regions and primers were identified. Part of M13 side vector (-60 to -
46) and UPM (-45 to -1) were found preceding the starting position of the clone sequence (1). 
The T3 side vector (335-355) was identified towards the 3’end of the sequence right after the end 
of the GSP1 (315-334). 
 
 
 
Clone Specific Primers (CSPs) Design 
 To obtain information for a full length GT sequence, clone specific primers (CSPs) were 
designed from each 5’-GT candidate to use in PCR with the 3’-RACE cDNA to obtain the 
3’clone portion of each putative GT. To design these CSPs the 5.0 Oligo version was used. The 
upper and lower base pair ranges to be used in this program were calculated as follows. Twenty 
base pairs were subtracted from starting position of the PSPG box to get the upper range limit. 
To get the lower range, 40 base pairs were subtracted from the upper range. This system has 
enabled us to have enough overlapping region of the 5’ and 3’ clones before the PSPG area to be 
able to verify a match before sequence information from 5’ and 3’ clones were combined. 
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  Both clones 110-2A2 and 110-2B2 are identical except in the first 33 nucleotide 
sequences, positions 120 and 512. Hence, a common clone specific forward primer 2 (CSP2) was 
designed for both sequences from positions 602 through 621 (Fig. 14) to amplify the 3’ end.  
CSP3 forward for 111-2B2 was designed from positions 97-116 (Fig. 20) and CSP4 forward 
119-1C was designed from positions 244-267 (Fig. 22). Using clone specific primer and the first 
strand 3’RACE cDNA, the 3’end was amplified as described in Methods and Materials. To date, 
CSP2 has been used to obtain a 3’clone. 
3’RACE PCR Result 
Clone Sequence Evaluation 
 A nested 3’PCR reaction using the clone specific primer (CSP2) was run at an annealing 
temperature of 620 C for 20 cycles that gave a distinct highly concentrated band (band 1, ~600 
bp) (Fig. 24) and one very faint band (band 2, ~300 bp). Both bands were carefully excised, gel 
purified, and cloned (clone #126-1) as previously described. Several white colonies from band 1 
were cultured and DNA purified. But only 2 colonies had plasmids with inserts (126-1C and 
126-1I) (Fig.  25). No white colonies were obtained from the short band 2.  
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Figure 24 3’ RACE PCR products using the clone specific primer 2 (CSP2). Two bands, one 
thick and sharp with an estimated size of 600 bp (band 1) and another small (~300 bp) and faint 
(band 2) were obtained from the reaction. After cloning 2 inserts were obtained from band 1, but 
none were found from band 2. 
 
126-1C. Clone 126-1C was size estimated (450-500, Fig. 25) and sequenced using both the 
T3 and M13 priming sites (Fig.  26). A poly A tail sequence was expected towards the 3’ end of 
each clone and the CSP2 must occur at the beginning of each sequence. Because CSP2 was 
found at the 3’end of the sequence derived from T3 primer, it was converted into its reverse 
complement before aligning it with the sequence derived from M13 primer 
(Fig. 26). Instead of the UPM, now the NUP (nested universal primer) was found at the 5’ end of 
each sequence. 
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Figure 25. 1 Gel picture for clone 126-1. Only 2 inserts (arrows) were obtained,1 from 126-1C 
and another from 126-1I. Their size was estimated within the range of 450-500, and then 
sequenced in both directions. 
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Figure 26. Clone evaluation of 126-1C with M13 and T3 primers. Both sequences have the same 
position for the CSP2 and NUP (1-20 and 531-553, respectively). The T3 side vector is found at 
the 3’ end of the sequence, while the M13 is at the beginning of the 5’ end.  The sequence 
derived from M13 primer was clear with out any N’s and, therefore, the N’s in the sequence 
derived from the T3 primer were resolved from the M13 derived sequence and a compiled 
sequence (1-530) was obtained. Plasmid vectors are shown at the end of each sequence. PSPG 
starts at 58 and ends 189 (yellow boxes). GSP1 occurs 109-128 and an EcoRI site was identified 
within the GSP1 primer (123-128). 
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 126-1I. The clone 126-1I was estimated to be 450 bp (Fig. 25), sequenced with T3 primer, 
and all the flanking sites were identified (Fig.  27).The insert size was the same as in 126-1C and 
when sequences 126-1I and 126-1C were aligned, a perfect match was obtained, hence were 
identical (Fig.  27). 
 
Figure 27. 126-1C and 126-1I  sequences comparison. Both were aligned using the M13 priming 
site in the BioEdit alignment program. The M13 vector, CSP2, NUP and plasmid vector 
sequences were found at the same position in both clones and had the same insert size in between 
the M13 vector and the NUP.  
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 5’ and 3’ Sequence Alignment 
 To generate a complete sequence of each putative GTs, the 5’ end clones from 110-2A2 
and 110-2B2 were aligned with the 3’ end clone (126-1C) from the clone specific primer (CSP2) 
by locating the overlapping regions of both ends. As a result 2 slightly different putative full-
length sequences were obtained with 1131 and 1106 bases, respectively (Fig. 28). 
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Figure 28. The 5’clones of 110-2A2 and 110-2B2 aligned with the 126-1C 3’ clone. Putative full 
length GT sequences were obtained by joining the 5’ and 3’ ends of each clone (110-2A2 and 
110-2B2). The CSP2 for the 3’RACE PCR was designed from regions 602 to 729 in 110-2A2 
and hence the region of overlap starts at position 602 through 729 (in box). Yellow box (724-
729) indicates the EcoRI site. PSPG box starts at 659 and GSP1 occurs at 710. 
 
 
 As we have seen earlier, clone 110-2A2 has 25 more nucleotides than clone 110-2B2. 
Additionally, they both differ in 10 nucleotide positions (Fig. 29). So, the 3’ clone was aligned 
with these 2 clones to give 2 complete full-length sequences that differ at those positions only. 
These 2 sequences obtained from the compilation of each 5’clone with the 3’ clone are named as 
putative grapefruit glucosyltransferase-1 (GluTr1) for 110-2A2 + 126-1C and GluTr2 for 110-
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 2B2 + 126-1C compilations. Nucleotide sequence alignment of these 2 putative GTs, their size, 
and positional differences are shown below (Fig. 29). 
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Figure  29.  Full length sequence comparison of GluTr1 and GluTr2. There are 25 nucleotides 
more in GluTr-1 (dashes 1-25 in GluTr-2). Additionally upon aligning together both sequences 
were found to differ in 10 nucleotide positions (26-33, 120, 512,).  CSP2 starts at 602, PSPG box 
at 659, GSP1 at 710. An EcoRI site has been identified within the GSP1 primer (724-729). 
 
Sequence Analyses 
Identifying Candidate GTs  
 Once 2 putative complete and 3, 5’clone sequences were obtained, BLAST and FASTA 
searches were performed with emphasis on finding regions of high sequence similarity that may 
yield clues about function of our novel sequences. BLAST® (Basic Local Alignment Search 
Tool) is a set of similarity search programs designed to explore all of the available sequence 
databases regardless of whether the query is protein or DNA. BLAST uses a heuristic algorithm 
that seeks local as opposed to global alignments and is therefore able to detect relationships 
among sequences that share only isolated regions of similarity (Altschul et al. 1990). On the 
other hand, FASTA (pronounced FAST-Aye) stands for FAST-All, reflecting the fact that it can 
be used for a rapid protein comparison or a rapid nucleotide comparison. This program achieves 
a high level of sensitivity for similarity searching at high speed. This is achieved by performing 
optimized searches for local alignments using a substitution matrix. FASTA is very specific 
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 when identifying long regions of low similarity especially for highly diverged sequences 
(Pearson 1999). 
 Usually, several sequences were obtained from each search, but we focused on plant 
sequences with low Expected (E) value. The Expected value (E) is a factor that describes the 
number of hits one can "expect" to see just by chance when searching a database of a particular 
size. This means that the lower the E-value, or the closer it is to "0", the more "significant" the 
match. Each insert was aligned with those sequences with E value of 0.5 or less that were 
obtained from the search engine with established GT function. By aligning the new clone with 
functionally known and biochemically characterized GTs, the nucleotides for some of the 
conserved regions of the PSPG box were identified. For example, the first amino acid in the 
PSPG box, tryptophan (W), is located 17 amino acids upstream from the first amino acid coded 
by GSP1. If conserved regions were identified, the cloned gene was considered as a candidate 
GT, otherwise it was considered non-GT. This section presents results from the BLAST and 
FASTA searches and alignments using nucleotide sequences and deduced amino acid 
translations, PSPG box identification, and clone identification for each cloned sequences. 
  Clone 110-2A1. No GSP1 reverse primer sequence was identified in this clone (Fig. 13); 
however the sequence was analyzed in order to see if other GT components might be present. 
BLAST search for similarity was performed using the entire 440 bp sequences and resulted in 
sequence similarities to animal genes of unknown function (Table 6). Because no sequences that 
code for GT genes were obtained from the BLAST similarity search, no further analysis of this 
clone was performed. 
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 Table 6. BLAST nucleotide sequences result for 110-2A1. The sequences are of animal origin 
and all are unidentified chromosomal sequences. 
 
Organism   Function  Accession#   E           
Mus musculus   unknown  AC131675   0.012 
Homo sapiens   unknown  AC063932   0.012 
Human chromosome  unknown  AL160231   0.012 
Homo sapiens   unknown  AC104298   0.046 
Homo sapiens   unknown  AC093807   0.046 
Human DNA   unknown  AL606763   0.046 
Homo sapiens   unknown  AP000879   0.046 
Mouse DNA   unknown  AL603804   0.046 
Mus musculus   unknown  AC122838   0.18                                     
 
 
 
GluTr1. Using the compiled nucleotide sequences of clones 110-2A2 and 126-1C 
(GluTr1) search for sequence similarity/identity was performed from the GenBank engine using 
FASTA (Table 7). 
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 Table 7. FASTA nucleotide sequence results for GluTr1. Selected sequences similarity with 
clone GluTr1 from different plant sources with 0.21 and less E value. 
 
Organism   Function  Accession#   E      
 Citrus unshiu                    limonoid UDP-  AB033758              0.00063 
                 Glucosyltransferase 
 
 Vitis vinifera              UDP-glucose: flavonoid AB047098   0.14 
    3-O-glucosyltransferase 
 
Vitis vinifera  UDP-glucose: flavonoid AB047097   0.15 
   3-O-glucosyltransferase 
 
Vitis labrusca  UDP-glucose: flavonoid AB047090   0.15 
   3-O-glucosyltransferase 
 
Vitis vinifera  UDP glucose: flavonoid  AF000372   0.16 
   3-O-glucosyltransferase 
 
Arabidopsis thaliana  unknown  AV439551   0.21 
 
 
 
The GluTr1 sequence was aligned with Citrus unshiu limonoid GT using the PSPG box 
as a set-point to define the alignment. The PSPG box in Citrus unshiu starts at position 1021 
(Fig. 30) and high nucleotide similarity of both sequences was observed in this region.  Their 
overall identity was 34%. In the region that is immediately 50 bases after and before the PSPG 
box (970-1202) their identity was 46% and within the PSPG box was 61.4%. 
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Figure 30. Comparison of GluTr-1 and C. unshiu LUDP-GT. The PSPG region starts at position 
1021-1152 (in box). Both sequences have an overall 34% identity and there was 46% identity 
within the region from 970-1202 that include the PSPG box and 50 bases each immediately 
preceding and following the PSPG box. Their identity within the PSPG box region was 61.4%. 
 
 
To identify the right amino acid translation frame, the nucleotides were grouped in 
three’s after identifying the starting position of the PSPG box. The nucleotide sequence was 
translated into an amino acid sequence using the Swiss port ExPassy program 
 (Fig. 31).  In analyzing the translated amino acid, the first amino acid, methionine (M), occurred 
at nucleotide position 154 (Fig. 31). Two hundred ninety-nine amino acids were translated; with 
one putative stop in nucleotide position 511 (Fig. 31). 
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       CGC GGG GGA TGA AGT TGG CAC TAC CTC TCC TCA GAG AAT ATT TTG 45 
                 
      ACT CAT CCT CTC AGC CAT AAA CTA ACA AGT TAA AAC TAT TTT TGT 90        
           
      GTT TCA GAT GAA AAA TTC CTT ACG GAT GAC ACT CTT GAG AAA CCT 135 
                
      ATT GAT TGG ATC CCC GGC ATG AGC AAT ATT CGG CTC AGG GAT TTA 180 
            M   S   N   I   R   L   R   D   L    9 
 
      CCA AGC TTT ATC AGA ACC ACC GAC CCT AAC GAA ATT ATG TTC GAT 225 
       P   S   F   I   R   T   T   D   P   N   E   I   M   F   D  24 
 
      TTC ATG GGC TCA GAA GCA CAA AAT TGC TTC AGA TCT TCT GCA ATC 270 
       F   M   G   S   E   A   Q   N   C   F   R   S   S   A   I  39 
 
      ATA TTT AAC ACA TTC GAT GAG TTT GAA CAT GAA GCT TTA GAG GTT 315 
       I   F   N   T   F   D   E   F   E   H   E   A   L   E   V  54 
 
      ATT GCT TCG AAA TTT CCT AAC ATT TAC ACC GTA GGT CCA CTC CCG 360 
       I   A   S   K   F   P   N   I   Y   T   V   G   P   L   P  69 
 
      TTG CTC TGC AAG CAA GTG GAT GAA ACC AAA TTT AGG TCA TTT GGA 405 
       L   L   C   K   Q   V   D   E   T   K   F   R   S   F   G  84 
 
      TCA AGC TTG TGG AAG GAA GAC ACT GAC TGT CTC AAA TGG CTC GAC 450 
       S   S   L   W   K   E   D   T   D   C   L   K   W   L   D  99 
 
      AAA AGA GAC GCC AAT TCA GTT GTG TAC GTT AAT TAT GGC AGC GTG 495 
       K   R   D   A   N   S   V   V   Y   V   N   Y   G   S   V  114 
 
      ACT GTG ATG TCA GAG TAA CAC TTG ACA GAA TTT GCA TGG GGT CTT 540 
       T   V   M   S   E   *   H   L   T   E   F   A   W   G   L  129 
 
      GCA AAT AGC AAG CGT CCA TTT TTA TGG ATT CTT AGG CCG GAC GTT 585 
       A   N   S   K   R   P   F   L   W   I   L   R   P   D   V  143 
 
      GTG ATG GGC GAC TCC GTG GTC TTG CCT GAC GAG TAT TTT GAA GAG 630 
       V   M   G   D   S   V   V   L   P   D   E   Y   F   E   E  158 
 
      ATC AAG GAT AGA GGA TTG ATA GTT AGC TGG TGC AAC CAA GAG CAA 675 
       I   K   D   R   G   L   I   V   S   W   C   N   Q   E   Q  173 
 
      GTG CTG TCG CAC CCC TCA GTT GGA GCT TTT CTG ACA CAT TGC GGA 720 
       V   L   S   H   P   S   V   G   A   F   L   T   H   C   G  188 
 
      TGG AAC TCT ACA ATG GAG AGT ATT TGC GGT GGC GTG CCT GTA ATT 765 
       W   N   S   T   M   E   S   I   C   G   G   V   P   V   I  203 
 
      TGC TGG CCT TTC TTT GTT GAG CAA CAA ACA AAT TGC AGA TAT GCA 810 
       C   W   P   F   F   V   E   Q   Q   T   N   C   R   Y   A  218 
 
      TGC ACA ACT TGG GGC ATT GGC ATG GAA GTC AAT CAT GAT GTG AAG 855 
       C   T   T   W   G   I   G   M   E   V   N   H   D   V   K  233 
 
      CGT GGT GAC ATT GAA GCT CTT GTT AAG GAA ATG ATG GAA GGA GAT 900 
       R   G   D   I   E   A   L   V   K   E   M   M   E   G   D  248 
 
      GAA GGA AAG AAA ATG AGG CAG AAG GCT TGG GAA TGG AAA AAG AAA 945 
       E   G   K   K   M   R   Q   K   A   W   E   W   K   K   K  263 
 
      GCT GAA GCA GCG ACT GCC GTT GGA GGT CAG TCT TAC AAT AAT TTT 990 
       A   E   A   A   T   A   V   G   G   Q   S   Y   N   N   F  278 
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     GAC AGA TTA GTT AAG ATG GTT CTT CAC CAA GGA AAT TGG ACC GGA  1035 
      D   R   L   V   K   M   V   L   H   Q   G   N   W   T   G   293 
 
     AAC GAA ACC CTT CAC TAG TCC GTC GCC ACA GGC CTT TAA ACT CTA  1080 
      N   E   T   L   H   *              308 
 
      ATA AAT ATC TTC TTG GAG TTA AAA ACA AAA AAA AAA AAA AAA AAA  1125 
      AAA   1128 
 
 
Figure 31. Amino acid translation of GluTr1. Amino acid translations of a complete GluTr1 
sequence obtained from the 5’ and 3’ clones. The first translated amino acid, methionine (M), is 
found at nucleotide position 154 (arrow). The conserved PSPG box region with 44 amino acids is 
underlined. Translation terminates at nucleotide position 1051 by a stop codon. A stop codon 
appears at nucleotide position 511.  
 
 
GluTr2.  The GluTr2 complete sequence (Fig. 29) was FASTA searched for sequence 
region similarity or identity from sources in GenBank. 
 
Table 8. FASTA nucleotide sequence results for GluTr2. Nucleotide sequences producing 
significant alignments similarity with 0.5 and less E value sequences. Impomoea purpurea and 
Citrus unshiu are 2 scores with lowest E value and GluTr2 was aligned with both. 
 
Organism   Function      Accession#   E      
Impomoea purpurea UDP-glucose:             AF028237      3.5e-11 
   Flavonoid -3-O-GT 
 
Citrus unshiu            limonoid UDP         AB033758        0.00029  
            Glucosyltransferase 
 
Scutellaria baicalensis        UDP-glucose      AB031274         0.0021  
            Flavonoid: 7-O-GT 
 
Zea mays cultivar         UDP-GT                     AF331854               0.063 
    
Oryza sativa               Sequencing in progress        AP004727                0.16 
 
Vigna mungo                       UDP-Glycose Flavonoid      AB012116                  0.28 
               glycosyltransferase 
 
 Arabidopsis thaliana         Unknown                              AV784324                        0.5 
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 BioEdit sequence alignment of GluTr2 was performed with Impomoea purpurea 
(morning glory) UDP-3GT and Citrus unshiu (Satsuma orange) limonoid GT. Fig. 32 shows the 
alignment of GluTr2 with an Ipomoea purpurea enzyme (Acc# AF028237) that catalyzes UDP 
glucose:  flavonoid 3-O-glucosyltransferase. Alignment was made using the PSPG box starting 
at position 892 as a set point (Fig. 32). The sequences have 34% overall identity, 68% identity 
within the PSPG box, and 64% identity in the region 50 bases immediately preceding and after 
the PSPG box (842-1073). 
GluTr2 was aligned with Citrus unshiu LGTase mRNA for limonoid UDP-
glucosyltransferase (Acc. #AB033758). In the Citrus unshiu, the PSPG starts at position 1021 
and alignment was made using this area as a matching point (Fig. 33). The overall sequence 
identity was 33%, 60% identity within their PSPG box, and 53% identity in the region 50 bases 
preceding and following the PSPG box (971-1202). 
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Figure 32. GluTr2 and I. purpurea UDP-F3-O-GT nucleotide sequence comparison. The PSPG 
box is indicated from 892-1023. The overall nucleotide identity between the 2 sequences was 
34%, their nucleotide identity within the PSPG region = 68%, and there was 64% nucleotide 
identity within the region 842-1073 that includes the PSPG box and 50 bases each after and 
before that of the PSPG box area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 85  
  
 
   
 86  
   
Figure 33.  GluTr2 and C. unshiu limonoid UDP-GT nucleotide sequence comparison. The 
PSPG box is located from 1021-1152 (box). The overall identity was 33% and the identity 
between 971-1202 (that includes the PSPG region and 50 bases each preceding and following the 
PSPG area) was 46%. Both sequences show high identity (61.4%) within the PSPG box. 
 
 
After identifying the starting and ending position of the PSPG region, nucleotides were translated 
into amino acid sequences as discussed previously.  
 
1     ACG CGG GGA GAG AAT ATT TTG ACT CAT CCT CTC AGC CAT AAA CTA   45 
                  
46    ACA AGT TAA AAC TAT TTT TGT GTT TCA GAT GAA AAA TTC CTT ACG   90 
              
91    GAT GGC ACT CTT GAG AAA CCT ATT GAT TGG ATC CCC GGC ATG AGC   135 
                    M   S    2 
 
136   AAT ATT CGG CTC AGG GAT TTA CCA AGC TTT ATC AGA ACC ACC GAC   180 
       N   I   R   L   R   D   L   P   S   F   I   R   T   T   D    17 
 
181   CCT AAC GAA ATT ATG TTC GAT TTC ATG GGC TCA GAA GCA CAA AAT   225 
       P   N   E   I   M   F   D   F   M   G   S   E   A   Q   N    32 
 
226   TGC TTC AGA TCT TCT GCA ATC ATA TTT AAC ACA TTC GAT GAG TTT   270 
       C   F   R   S   S   A   I   I   F   N   T   F   D   E   F    47 
 
271   GAA CAT GAA GCT TTA GAG GTT ATT GCT TCG AAA TTT CCT AAC ATT   315 
       E   H   E   A   L   E   V   I   A   S   K   F   P   N   I    62 
 
316   TAC ACC GTA GGT CCA CTC CCG TTG CTC TGC AAG CAA GTG GAT GAA   360 
       Y   T   V   G   P   L   P   L   L   C   K   Q   V   D   E    77 
 
361   ACC AAA TTT AGG TCA TTT GGA TCA AGC TTG TGG AAG GAA GAC ACT   405 
       T   K   F   R   S   F   G   S   S   L   W   K   E   D   T    92 
 
406   GAC TGT CTC AAA TGG CTC GAC AAA AGA GAC GCC AAT TCA GTT GTG   450 
       D   C   L   K   W   L   D   K   R   D   A   N   S   V   V    107 
 
 
451   TAC GTT AAT TAT GGC AGC GTG ACT GTG ATG TCA GAG CAA CAC TTG   495 
       Y   V   N   Y   G   S   V   T   V   M   S   E   Q   H   L    122 
 
496   ACA GAA TTT GCA TGG GGT CTT GCA AAT AGC AAG CGT CCA TTT TTA   540 
       T   E   F   A   W   G   L   A   N   S   K   R   P   F   L    137 
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541   TGG ATT CTT AGG CCG GAC GTT GTG ATG GGC GAC TCC GTG GTC TTG   585 
       W   I   L   R   P   D   V   V   M   G   D   S   V   V   L    152 
 
586   CCT GAC GAG TAT TTT GAA GAG ATC AAG GAT AGA GGA TTG ATA GTT   630 
       P   D   E   Y   F   E   E   I   K   D   R   G   L   I   V    167 
 
631   AGC TGG TGC AAC CAA GAG CAA GTG CTG TCG CAC CCC TCA GTT GGA   675 
       S   W   C   N   Q   E   Q   V   L   S   H   P   S   V   G    182 
 
676   GCT TTT CTG ACA CAC TGC GGA TGG AAT TCT ACA ATG GAG AGT ATT   720 
       A   F   L   T   H   C   G   W   N   S   T   M   E   S   I    197 
 
721   TGC GGT GGC GTG CCT GTA ATT TGC TGG CCT TTC TTT GTT GAG CAA   765 
       C   G   G   V   P   V   I   C   W   P   F   F   V   E   Q    212 
 
766   CAA ACA AAT TGC AGA TAT GCA TGC ACA ACT TGG GGC ATT GGC ATG   810 
       Q   T   N   C   R   Y   A   C   T   T   W   G   I   G   M    227 
 
811   GAA GTC AAT CAT GAT GTG AAG CGT GGT GAC ATT GAA GCT CTT GTT   855 
       E   V   N   H   D   V   K   R   G   D   I   E   A   L   V    242 
 
856   AAG GAA ATG ATG GAA GGA GAT GAA GGA AAG AAA ATG AGG CAG AAG   900 
       K   E   M   M   E   G   D   E   G   K   K   M   R   Q   K    257 
 
901   GCT TGG GAA TGG AAA AAG AAA GCT GAA GCA GCG ACT GCC GTT GGA   945 
       A   W   E   W   K   K   K   A   E   A   A   T   A   V   G    272 
 
946   GGT CAG TCT TAC AAT AAT TTT GAC AGA TTA GTT AAG ATG GTT CTT   990 
       G   Q   S   Y   N   N   F   D   R   L   V   K   M   V   L    287 
 
991   CAC CAA GGA AAT TGG ACC GGA AAC GAA ACC CTT CAC TAG TCC GTC   1035 
       H   Q   G   N   W   T   G   N   E   T   L   H   *             299 
 
1036  GCC ACA GGC CTT TAA ACT CTA ATA AAT ATC TTC TTG GAG TTA AAA   1080 
 
1081  ACA AAA AAA AAA AAA AAA AAA AAA   1104 
 
Figure 34. Amino acid translation for GluTr2 sequence. The first methionine (M) starts at 
nucleotide position 130 (arrow). The conserved PSPG box region with 44 amino acids is 
underlined. Translation terminates at nucleotide position 1026 followed by a stop codon.  
 
 
 Despite their differences in nucleotide sequences, the GluTr1 and GluTr2 differ in only 1 
amino acid position. Both have 299 amino acids, which differ in position 120. While Q in 
GluTr2, it was ‘stop’ in GluTr1 (Fig. 35). 
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Figure 35. Amino acid sequence alignment of GluTr1 and GluTr2. The PSPG region is indicated 
from 169-213. Both clones differ in only 1 amino acid position (120) where GluTr1 appears to 
have a stop codon (-). 
 
117-4A. Several sequence similarities, including 9 from Arabidopsis thaliana with E-
values less than 0.5, were reported from different sources (Table 9). Most are of unknown 
function and were reported to code for non-GT. 
Tab le 9. FASTA nucleotide sequence results of 117-4A. Top 5 low E-value FASTA similarity 
result. All results code for unknown function genes or none GT coding sequences 
Organism   Function  Accession#  E  
Arabidopsis thaliana    proteasome AAA-ATPase  AY062705   1.2e-63 
Arabidopsis thaliana proteasome AAA-ATPase AF123394  1.2e-63 
Arabidopsis thaliana  unknown  AV826641  1.7e-63 
Arabidopsis thaliana  unknown  AV831185  1.7e-63 
Arabidopsis thaliana  unknown  AV528041  1.8e-63 
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Clone 117-4A was first aligned with Arabidopsis thaliana (Acc.# AY062705). Because 
the gene from the Arabidopsis thaliana was a protein that codes for ATPase, no PSPG region or 
GSP1 were identified within its entire sequence so was unable to determine if the 117-4A clone 
had some of the conserved PSPG regions or not. Alignment was simply made by searching the 
highest base matches within both sequences (Fig. 36). 
To determine if this clone contained some of the conserved PSPG regions, it was aligned 
with Citrus unshiu limonoid GT gene using the GSP1 reverse as a set point. The starting position 
for the GSP1 reverse in this new clone is at 531 (Fig. 16). This corresponds to nucleotide 
position 1072 in C.unshiu (Fig. 37). The PSPG box in Citrus unshiu limonoid GT starts at 
nucleotide number 1021 (TGG), however at this position the TGA in our clone codes for STOP 
instead of W (Fig. 38, arrow) in the third reading frame. Search for some of the conserved 
regions of the PSPG box in clone 117-4A was also unsuccessful using that reading frame. The 
overall sequence identity between 117-4A and C.unshiu limonoid GT was 26%. The 3 possible 
amino acid translation frames are shown in Fig. 38. Reading frame 2 is the correct frame to use 
for this clone because it reads through after the initial methionine (amino acid # 32 in frame 2 in 
Fig. 38). However, this translation does not result in an identifiable PSPG box. 
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Figure 36. 117-4A and A. thaliana proteasome AAA-ATPase nucleotide sequence comparison. 
Because no sequence for either the GSP1 or PSPG region was identified in the Arabidopsis 
sequence, no setting points for alignment was identified and were aligned by searching for best 
base matches. The overall identity of these 2 sequences was 25%. 
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Figure 37. 117-4A and C. unshiu limonoid LUDP-GT nucleotide sequence alignment. Alignment 
was made by matching the GSP1 reverse sequences in the new clone with the corresponding 
nucleotides in Citrus unshiu (1072). Position 1021 in Citrus unshiu is the spot where the PSPG 
coding region starts (TGG), TGA in that same position for 117-4A instead codes for stop. Both 
sequences have 27% overall identity. 
 
 
Frame 1 
1     ACG CGG GGT AAC AAG TTG GAG TTT TTA ACT TTG AGT CAC ACT CTT   45 
1      T   R   G   N   K   L   E   F   L   T   L   S   H   T   L    15 
 
46    ATC TCT CTT TTA TTT TCT CGG TGC AAA TTT TGT GTG GAA AAA TAA   90 
16     I   S   L   L   F   S   R   C   K   F   C   V   E   K   *    30 
 
91    TCA TAT GGC GAC GGC AAT GGT GGA AGA TCC CAA CTT GGA AGA CGA   135 
31     S   Y   G   D   G   N   G   G   R   S   Q   L   G   R   R    45 
 
136   TCA ACT GTC TTC CAT GAC GGC CGA TGA TAT TGT TCG GGC GTC GCG   180 
46     S   T   V   F   H   D   G   R   *   Y   C   S   G   V   A    60 
 
181   GCT ACT CGA CAA CGA GAT TCG TGT CCT AAA GGA AGA ATT ACA AAG   225 
61     A   T   R   Q   R   D   S   C   P   K   G   R   I   T   K    75 
 
226   AAC GAA TCT TGA GTT AGA TTC GTT CAA GGA GAA GAT TAA GGA GAA   270 
76     N   E   S   *   V   R   F   V   Q   G   E   D   *   G   E    90 
 
271   TCA AGA GAA GAT TAA ACT CAA TAA GCA GCT TCC TTA CTT GGT GGG   315 
91     S   R   E   D   *   T   Q   *   A   A   S   L   L   G   G    105 
 
316   CAA CAT CGT TGA GAT TTT GGA GAT GAA CCC AGA GGA TGA GGC TGA   360 
106    Q   H   R   *   D   F   G   D   E   P   R   G   *   G   *    120 
 
361   GGA AGA TGG TGC TAA CAT TGA TCT TGA CTC GCA AAG GAA GGG TAA   405 
121    G   R   W   C   *   H   *   S   *   L   A   K   E   G   *    135 
 
406   ATG TGT AGT GTT GAA GAC TTC TAC TCG TCA GAC CAT CTT TCT TCC   450 
136    M   C   S   V   E   D   F   Y   S   S   D   H   L   S   S    150 
 
451   AGT AGT CGG GCT TGT TGA TCC TGA TAA GTT GAA ACC CGG TGA TCT   495 
151    S   S   R   A   C   *   S   *   *   V   E   T   R   *   S    165 
 
496   GGT TGG AGT TAA TAA GGA TAG TTA CTT GAT CCT GGA CAC ACT GCG   540 
166    G   W   S   *   *   G   *   L   L   D   P   G   H   T   A    180 
 
541   GGT GGA ACT   549 
181    G   G   T  
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 Frame 2 
 
2     CGC GGG GTA ACA AGT TGG AGT TTT TAA CTT TGA GTC ACA CTC TTA   46 
1      R   G   V   T   S   W   S   F   *   L   *   V   T   L   L    15 
 
47    TCT CTC TTT TAT TTT CTC GGT GCA AAT TTT GTG TGG AAA AAT AAT   91 
16     S   L   F   Y   F   L   G   A   N   F   V   W   K   N   N    30 
 
92    CAT ATG GCG ACG GCA ATG GTG GAA GAT CCC AAC TTG GAA GAC GAT   136 
31     H   M   A   T   A   M   V   E   D   P   N   L   E   D   D    45 
 
137   CAA CTG TCT TCC ATG ACG GCC GAT GAT ATT GTT CGG GCG TCG CGG   181 
46     Q   L   S   S   M   T   A   D   D   I   V   R   A   S   R    60 
 
182   CTA CTC GAC AAC GAG ATT CGT GTC CTA AAG GAA GAA TTA CAA AGA   226 
61     L   L   D   N   E   I   R   V   L   K   E   E   L   Q   R    75 
 
227   ACG AAT CTT GAG TTA GAT TCG TTC AAG GAG AAG ATT AAG GAG AAT   271 
76     T   N   L   E   L   D   S   F   K   E   K   I   K   E   N    90 
 
272   CAA GAG AAG ATT AAA CTC AAT AAG CAG CTT CCT TAC TTG GTG GGC   316 
91     Q   E   K   I   K   L   N   K   Q   L   P   Y   L   V   G    105 
 
317   AAC ATC GTT GAG ATT TTG GAG ATG AAC CCA GAG GAT GAG GCT GAG   361 
106    N   I   V   E   I   L   E   M   N   P   E   D   E   A   E    120 
 
362   GAA GAT GGT GCT AAC ATT GAT CTT GAC TCG CAA AGG AAG GGT AAA   406 
121    E   D   G   A   N   I   D   L   D   S   Q   R   K   G   K    135 
 
407   TGT GTA GTG TTG AAG ACT TCT ACT CGT CAG ACC ATC TTT CTT CCA   451 
136    C   V   V   L   K   T   S   T   R   Q   T   I   F   L   P    150 
 
452   GTA GTC GGG CTT GTT GAT CCT GAT AAG TTG AAA CCC GGT GAT CTG   496 
151    V   V   G   L   V   D   P   D   K   L   K   P   G   D   L    165 
 
497   GTT GGA GTT AAT AAG GAT AGT TAC TTG ATC CTG GAC ACA CTG CGG   541 
166    V   G   V   N   K   D   S   Y   L   I   L   D   T   L   R    180 
 
542   GTG GAA CTC   550 
181    V   E   L   
 
Frame 3 
3     GCG GGG TAA CAA GTT GGA GTT TTT AAC TTT GAG TCA CAC TCT TAT   47 
0      A   G   *   Q   V   G   V   F   N   F   E   S   H   S   Y    14 
 
48    CTC TCT TTT ATT TTC TCG GTG CAA ATT TTG TGT GGA AAA ATA ATC   92 
15     L   S   F   I   F   S   V   Q   I   L   C   G   K   I   I    29 
 
93    ATA TGG CGA CGG CAA TGG TGG AAG ATC CCA ACT TGG AAG ACG ATC   137 
30     I   W   R   R   Q   W   W   K   I   P   T   W   K   T   I    44 
 
138   AAC TGT CTT CCA TGA CGG CCG ATG ATA TTG TTC GGG CGT CGC GGC   182 
45     N   C   L   P   *   R   P   M   I   L   F   G   R   R   G    59 
 
183   TAC TCG ACA ACG AGA TTC GTG TCC TAA AGG AAG AAT TAC AAA GAA   227 
60     Y   S   T   T   R   F   V   S   *   R   K   N   Y   K   E    74 
 
228   CGA ATC TTG AGT TAG ATT CGT TCA AGG AGA AGA TTA AGG AGA ATC   272 
75     R   I   L   S   *   I   R   S   R   R   R   L   R   R   I    89 
 
273   AAG AGA AGA TTA AAC TCA ATA AGC AGC TTC CTT ACT TGG TGG GCA   317 
 94  
 90     K   R   R   L   N   S   I   S   S   F   L   T   W   W   A    104 
 
318   ACA TCG TTG AGA TTT TGG AGA TGA ACC CAG AGG ATG AGG CTG AGG   362 
105    T   S   L   R   F   W   R   *   T   Q   R   M   R   L   R    119 
 
363   AAG ATG GTG CTA ACA TTG ATC TTG ACT CGC AAA GGA AGG GTA AAT   407 
120    K   M   V   L   T   L   I   L   T   R   K   G   R   V   N    134 
 
408   GTG TAG TGT TGA AGA CTT CTA CTC GTC AGA CCA TCT TTC TTC CAG   452 
135    V   *   C   *   R   L   L   L   V   R   P   S   F   F   Q    149 
 
453   TAG TCG GGC TTG TTG ATC CTG ATA AGT TGA AAC CCG GTG ATC TGG   497 
150    *   S   G   L   L   I   L   I   S   *   N   P   V   I   W    164 
 
498   TTG GAG TTA ATA AGG ATA GTT ACT TGA TCC TGG ACA CAC TGC GGG   542 
165    L   E   L   I   R   I   V   T   *   S   W   T   H   C   G    179 
 
543   TGG AAC   548 
180    W   N    181 
 
Figure 38.  Amino acid translation of 117-4A. In frame 1, the sequence is full of stop codons. In 
the third frame, all the bases for the GSP1 reverse are found (underlined). In searching for the 
right position of the PSPG box from the first amino acid coding the GSP1 reverse, it was found 
to be ‘stop’ instead of the W (arrow). Because no other PSPG conserved amino acid was found 
within the sequence and because of several stop codons (including right before the GSP1 reverse 
region) this clone may be non-GT coding sequence. It could be unknown protein with amino acid 
sequence as in frame 2 (No stop codon after the first methionine).  
 
 
111-2A3. Using the sequence of this clone (Fig. 18), search for sequence 
similarity/identity was performed using FASTA searches (Table 10). None of the FASTA results 
were found to have the conserved PSPG region and E-values were quite high (Table 10).  
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 Table 10.  FASTA  nucleotide sequence results for 111-2A3. These are the lowest E-value hits 
for this search and results were functionally either unknown or none GT coding. 
 
Organism   Function  Accession#  E  
Arabidospis thaliana         ferredoxin protein AY080800  50 
Oryza sativa            unknown  AC087851  52 
Hordeum vulgare           unknown  BJ481669  68 
Populus strain            unknown  BI069352  90 
       
To determine the presence or absence of the PSPG box within this complete new clone,  
an alignment was performed with Citrus unshiu limonoid UDP-glucosyltransferase gene using 
the GSP1 reverse as a set-point. Both this and our new clone have common nucleotide sequences 
within the GSP1 area (1071-1092) (Fig. 39). The PSPG box starts at position 1021 (TGG) in 
Citrus unshiu (Fig. 39); however, at this position our clone has different nucleotide sequences 
(GTT) that code for Valine (V) (Fig. 40) and many stop codons in reading frame 1. 
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  Figure 39. 111-2A3 and C. unshiu LUDP-GT nucleotide sequence comparison. Sequence 
alignment was performed on the GSP1 information (position 1071). For the Citrus unshiu the 
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 PSPG box starts at 1021. But no PSPG coding amino acid was found in that position in our 
clone. There is lack of homology (only 27% overall identity). 
 
Frame 1 
 
1     ACG CGG GGA GCT ACA AAC CGA AGT TGA GTT ATC CAT GGA CTT GCT   45 
1      T   R   G   A   T   N   R   S   *   V   I   H   G   L   A    15 
 
46    CGT TCC TCC AAG CTC GTG CTG CCG GAA ACC GCC ACT TCA CCG GCA   90 
16     R   S   S   K   L   V   L   P   E   T   A   T   S   P   A    30 
 
91    ACT TCC TTC CTC AAC ATA CAA CAA CAC TCG CAA TCC CAG TTC CTT   135 
31     T   S   F   L   N   I   Q   Q   H   S   Q   S   Q   F   L    45 
 
136   AAA ATG CCG CCC TCG TAA AAC GGT GTC GTC AGA GCT CCA AAC TAC   180 
46     K   M   P   P   S   *   N   G   V   V   R   A   P   N   Y    60 
 
181   GGC GGG AGT GAA TGG TAG CTA CTC CCC GTC GAT TCC GAC TCA TAA   225 
61     G   G   S   E   W   *   L   L   P   V   D   S   D   S   *    75 
 
226   AGT GAC CGT TCA CGA CAG GTT TCG CGG CGT CGT TCA CGA GTT CCT   270 
76     S   D   R   S   R   Q   V   S   R   R   R   S   R   V   P    90 
 
271   CGT CCC CGA GGA CCA GTA CAT ACT ACA CAC TGC GGA TGG AAT   312 
91     R   P   R   G   P   V   H   T   T   H   C   G   W   N   
 
Frame 2 
2     CGC GGG GAG CTA CAA ACC GAA GTT GAG TTA TCC ATG GAC TTG CTC   46 
1      R   G   E   L   Q   T   E   V   E   L   S   M   D   L   L    15 
 
47    GTT CCT CCA AGC TCG TGC TGC CGG AAA CCG CCA CTT CAC CGG CAA   91 
16     V   P   P   S   S   C   C   R   K   P   P   L   H   R   Q    30 
 
92    CTT CCT TCC TCA ACA TAC AAC AAC ACT CGC AAT CCC AGT TCC TTA   136 
31     L   P   S   S   T   Y   N   N   T   R   N   P   S   S   L    45 
 
137   AAA TGC CGC CCT CGT AAA ACG GTG TCG TCA GAG CTC CAA ACT ACG   181 
46     K   C   R   P   R   K   T   V   S   S   E   L   Q   T   T    60 
 
182   GCG GGA GTG AAT GGT AGC TAC TCC CCG TCG ATT CCG ACT CAT AAA   226 
61     A   G   V   N   G   S   Y   S   P   S   I   P   T   H   K    75 
 
227   GTG ACC GTT CAC GAC AGG TTT CGC GGC GTC GTT CAC GAG TTC CTC   271 
76     V   T   V   H   D   R   F   R   G   V   V   H   E   F   L    90 
 
272   GTC CCC GAG GAC CAG TAC ATA CTA CAC ACT GCG GAT GGA ATT   313 
91     V   P   E   D   Q   Y   I   L   H   T   A   D   G   I   
 
Frame 3 
 
3     GCG GGG AGC TAC AAA CCG AAG TTG AGT TAT CCA TGG ACT TGC TCG   47 
0      A   G   S   Y   K   P   K   L   S   Y   P   W   T   C   S    14 
 
48    TTC CTC CAA GCT CGT GCT GCC GGA AAC CGC CAC TTC ACC GGC AAC   92 
15     F   L   Q   A   R   A   A   G   N   R   H   F   T   G   N    29 
 
93    TTC CTT CCT CAA CAT ACA ACA ACA CTC GCA ATC CCA GTT CCT TAA   137 
30     F   L   P   Q   H   T   T   T   L   A   I   P   V   P   *    44 
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138   AAT GCC GCC CTC GTA AAA CGG TGT CGT CAG AGC TCC AAA CTA CGG   182 
45     N   A   A   L   V   K   R   C   R   Q   S   S   K   L   R    59 
 
183   CGG GAG TGA ATG GTA GCT ACT CCC CGT CGA TTC CGA CTC ATA AAG   227 
60     R   E   *   M   V   A   T   P   R   R   F   R   L   I   K    74 
 
228   TGA CCG TTC ACG ACA GGT TTC GCG GCG TCG TTC ACG AGT TCC TCG   272 
75     *   P   F   T   T   G   F   A   A   S   F   T   S   S   S    89 
 
273   TCC CCG AGG ACC AGT ACA TAC TAC ACA CTG CGG ATG GAA TTC   314 
90     S   P   R   T   S   T   Y   Y   T   L   R   M   E   F   
 
Figure 40. Amino acid translation of 111-2A3. The underlined amino acid (T) in reading frame 1 
is the starting sequence for GSP1. 17 amino acids (51 nucleotide bases) upstream from this 
amino acid is where the initial PSPG amino acid, ‘W’ is expected to appear (arrow). This frame 
is not the appropriate reading frame clone because there is only one methionine (47) and that was 
followed by several stop codons (*). Frame 2 may be the correct reading frame because no stop 
codons were observed in the entire amino acid translation. Frame 3 has several stops codons as 
in frame 1. 
 
 
111-2A4. In this clone, no gene specific primer (GSP1) was found in its sequence (Fig. 
19).Both FASTA and BLAST searches gave sequences with relatively high E-value (>2.6 and 23 
respectively). Only the BLAST search results are presented here and no alignment was 
performed with any one of the search results obtained either from the BLAST or FASTA.  
Table 11.  BLAST nucleotide sequence results for 111-2A4. These are the top five with the 
lowest E-value results, however the  E-value was out of the range set-off (< or = 0.5). In addition 
all obtained results were functionally unknown or if known they don’t code for GT. No sequence 
alignment was attempted with either sequence, and another approach was used to identify the 
presence of any PSPG conserved areas within this clone. 
 
Organism   Function  Accession#  E  
Arabidopsis thaliana  Dihydrogenase NM130281  2.6 
Homo sapiens   Unknown  AC112494  2.6 
Arabidopsis thaliana  Unknown  AC004411  2.8 
Helicobacter pylori  Unknown  AF059041  2.9 
Human DNA   Unknown  HS970A17  2.9 
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 To locate some of the conserved regions of the PSPG box within the clone, any 3 
nucleotide bases (TGG) that code for the first amino acid (W) in the PSPG region were searched. 
Then the fourth CAA/CAG (universally conserved amino acid in all GTs), the 18th (CAT/CAC) 
and other amino acids were located if they could be found at their right positions (Fig. 41).  
Though 4 bases that code for ‘W’ were found, no other conserved amino acids within the PSPG 
box were identified (Fig. 41) 
 
 
Figure 41. Searching for TGG within the nucleotide sequence of 111-2A4. Four total nucleotide 
bases that code for tryptophan (W) were found (boxes) in this frame. However no nucleotides 
that code for glutamine (Q) or histidin (H) at the fourth and 18th positions, respectively 
(underlined) or other positions were found.  
 
 
The 3 amino acid translation frames were also analyzed (Fig. 42). In frame 1, the actual 
protein translation begins at nucleotide position 157 (underlined). Then the first tryptophan, ‘W’ 
appears at nucleotide position 265 and if the gene were to code for GT, the amino acids at amino 
acid positions 92 and 106 had to be ‘Q’ and ‘H’ respectively instead of ‘A’ and ‘K (Fig. 42 frame 
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 1). Frame 2 (Fig. 42) is just like Fig. 41 above where the first W was found to appear at 
nucleotide position 158 and none of the conserved positions of GT sequences as well as no 
methionine ‘M’ before it were found. Frame 3 is a non- protein coding frame, because it is full of 
stop codons and no methionine ‘M’ was found in the translated sequence. 
 
 
Frame 1 
1     ACG CGG GGG CCT TCA CTA AAG GCG CAC CAC TTT TGC ACC GAG TTA   45 
1      T   R   G   P   S   L   K   A   H   H   F   C   T   E   L    15 
 
46    GGG TTT CAG CGA ACT TTC AAC ACA CAC GCA GAG AGA CTC TAG TCT   90 
16     G   F   Q   R   T   F   N   T   H   A   E   R   L   *   S    30 
 
91    CGT TCA TCT GTC AGT ACA AAG CAA TAA AGA GAG GGC GCG CGC GCG   135 
31     R   S   S   V   S   T   K   Q   *   R   E   G   A   R   A    45 
 
136   CGA GAG AGA GAG AGA CAC GCC ATG GAC ATG CAA AGC GAC TTC GAT   180 
46     R   E   R   E   R   H   A   M   D   M   Q   S   D   F   D    60 
 
181   AGA TTG CTC TTC TTT GAA CAC GCT CGC AAA ACC GCC GAA GCT GCC   225 
61     R   L   L   F   F   E   H   A   R   K   T   A   E   A   A    75 
 
226   TAC GCC AAG GAC CCT CTC GAT GCC GAT AAT TTA ACG AGG TGG GGC   270 
76     Y   A   K   D   P   L   D   A   D   N   L   T   R   W   G    90 
 
271   GGT GCT CTT CTG GAG TTG TCT CAG TTT CAA ACT GTT CCA GAT TCA   315 
91     G   A   L   L   E   L   S   Q   F   Q   T   V   P   D   S    105 
 
316   AAG AAG ATG ATT TTA GAT GCA ATT TCA AAG CTG GAG GAG GCA TTG   360 
106    K   K   M   I   L   D   A   I   S   K   L   E   E   A   L    120 
 
361   ATG GTT AGC CCC AAT AGA CAC GAC ACA TTG CGG   393 
121    M   V   S   P   N   R   H   D   T   L   R  
  
 
Frame 2 
2     CGC GGG GGC CTT CAC TAA AGG CGC ACC ACT TTT GCA CCG AGT TAG   46 
1      R   G   G   L   H   *   R   R   T   T   F   A   P   S   *    15 
 
47    GGT TTC AGC GAA CTT TCA ACA CAC ACG CAG AGA GAC TCT AGT CTC   91 
16     G   F   S   E   L   S   T   H   T   Q   R   D   S   S   L    30 
 
92    GTT CAT CTG TCA GTA CAA AGC AAT AAA GAG AGG GCG CGC GCG CGC   136 
31     V   H   L   S   V   Q   S   N   K   E   R   A   R   A   R    45 
 
137   GAG AGA GAG AGA GAC ACG CCA TGG ACA TGC AAA GCG ACT TCG ATA   181 
46     E   R   E   R   D   T   P   W   T   C   K   A   T   S   I    60 
 
182   GAT TGC TCT TCT TTG AAC ACG CTC GCA AAA CCG CCG AAG CTG CCT   226 
61     D   C   S   S   L   N   T   L   A   K   P   P   K   L   P    75 
 
227   ACG CCA AGG ACC CTC TCG ATG CCG ATA ATT TAA CGA GGT GGG GCG   271 
76     T   P   R   T   L   S   M   P   I   I   *   R   G   G   A    90 
 
272   GTG CTC TTC TGG AGT TGT CTC AGT TTC AAA CTG TTC CAG ATT CAA   316 
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 91     V   L   F   W   S   C   L   S   F   K   L   F   Q   I   Q    105 
 
317   AGA AGA TGA TTT TAG ATG CAA TTT CAA AGC TGG AGG AGG CAT TGA   361 
106    R   R   *   F   *   M   Q   F   Q   S   W   R   R   H   *    120 
 
362   TGG TTA GCC CCA ATA GAC ACG ACA CAT TGC GGA   394 
121    W   L   A   P   I   D   T   T   H   C   G   
 
 
Frame 3 
3     GCG GGG GCC TTC ACT AAA GGC GCA CCA CTT TTG CAC CGA GTT AGG   47 
0      A   G   A   F   T   K   G   A   P   L   L   H   R   V   R    14 
 
48    GTT TCA GCG AAC TTT CAA CAC ACA CGC AGA GAG ACT CTA GTC TCG   92 
15     V   S   A   N   F   Q   H   T   R   R   E   T   L   V   S    29 
 
93    TTC ATC TGT CAG TAC AAA GCA ATA AAG AGA GGG CGC GCG CGC GCG   137 
30     F   I   C   Q   Y   K   A   I   K   R   G   R   A   R   A    44 
 
138   AGA GAG AGA GAG ACA CGC CAT GGA CAT GCA AAG CGA CTT CGA TAG   182 
45     R   E   R   E   T   R   H   G   H   A   K   R   L   R   *    59 
 
183   ATT GCT CTT CTT TGA ACA CGC TCG CAA AAC CGC CGA AGC TGC CTA   227 
60     I   A   L   L   *   T   R   S   Q   N   R   R   S   C   L    74 
 
228   CGC CAA GGA CCC TCT CGA TGC CGA TAA TTT AAC GAG GTG GGG CGG   272 
75     R   Q   G   P   S   R   C   R   *   F   N   E   V   G   R    89 
 
273   TGC TCT TCT GGA GTT GTC TCA GTT TCA AAC TGT TCC AGA TTC AAA   317 
90     C   S   S   G   V   V   S   V   S   N   C   S   R   F   K    104 
 
318   GAA GAT GAT TTT AGA TGC AAT TTC AAA GCT GGA GGA GGC ATT GAT   362 
105    E   D   D   F   R   C   N   F   K   A   G   G   G   I   D    119 
 
363   GGT TAG CCC CAA TAG ACA CGA CAC ATT GCG   392 
120    G   *   P   Q   *   T   R   H   I   A    129 
 
 
Figure 42. Amino acid translation of111-2A4. In the first frame, protein translation starts at 
nucleotide position 157 and continues with no ‘stop’ codons till the end of the sequence. Partial 
sequence of the GSP1 was found in frame 2 (underlined), but there appear several stop codons in 
the frame including one at nucleotide position 359, eight amino acids after the ‘M’. The third 
frame is full of ‘stop’ codons with no starting ‘M’. Reading frame 1 seems the appropriate frame 
for this clone. 
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 111-2B2. The complete nucleotide sequence of this clone (Fig. 20) was put into 
BLAST search engine for sequence similarity (Table 12).  
 
Table 12. BLAST nucleotide sequence results for 111-2B2. Top 4 BLAST search results for 111-
2B2 nucleotide sequence with 0.32-0.01 E- values. All sequences are functionally undetermined 
except the Arabidopsis thaliana (NM_129234), which is a glycosyltransferase related enzyme. 
 
Organism   Function  Accession#  E  
Mouse DNA  Unknown          AL732420               0.001 
  
Arabidopsis thaliana Glycosyltransferase         NM_129234             0.080 
   Related 
 
Arabidopsis thaliana Unknown                         AC006282              0.080 
 
Drosophila melanogaster Unknown          NM_142588              0.32 
 
 
Clone 111-2B2 was aligned with the Arabidopsis thaliana (Acc# NM_129234) a putative 
glycosyltransferase related sequence.  Alignment was based on the GSP1 sequence area in both 
sequences (position 1114) (Fig. 43).  The PSPG box in the Arabidopsis thaliana starts at position 
1063 (TGG). Because both sequences show high homology within the GSP1 sequence area 
(100%), the corresponding amino acid of the new gene at the corresponding PSPG position was 
expected to code for TGG, which was ATT instead (Fig.  44). The overall pair wise sequence 
identity of both sequences was 34.8%. 
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Figure 43. 111-2B2 andA. Thaliana (unknown) nucleotide sequence comparison.  Both show 
high sequence homology within and around the GSP1 region (1114-1133). The PSPG box in 
Arabidopsis starts at 1063 (TGG = W), but that position in the 111-2B2 codes for other amino 
acid than the W. The overall sequence identity of both sequences was 34.8%. 
 
The nucleotide sequence of clone 111-2B2 was translated into amino acids as previously 
described and is presented below.  
Amino acid translation 
 Frame 1 
1     ACG CGG GGA CTC TAC TCT GTT CTC ACT CAT AAA ACT CAC TTC TTT   45 
1      T   R   G   L   Y   S   V   L   T   H   K   T   H   F   F    15 
 
46    CAC CGC CGC CGC TGA CTC CAA TCA CCT CAC TCT TAC TCC GGC GAT   90 
16     H   R   R   R   *   L   Q   S   P   H   S   Y   S   G   D    30 
 
91    CTC CCC CGT CGG CTT GGA TCG TCC TCG CGT CTG TCA CTG TAT TAT   135 
31     L   P   R   R   L   G   S   S   S   R   L   S   L   Y   Y    45 
 
136   GCA TTT GTA TTT TTC TCT TTC GTA AGC GGT TAA TTT TCT CTT CAT   180 
46     A   F   V   F   F   S   F   V   S   G   *   F   S   L   H    60 
 
181   AAC GCA CTG CGG ATG GAA CTC   201 
61     N   A   L   R   M   E   L   
 
 
Frame 2 
2     CGC GGG GAC TCT ACT CTG TTC TCA CTC ATA AAA CTC ACT TCT TTC   46 
1      R   G   D   S   T   L   F   S   L   I   K   L   T   S   F    15 
 
47    ACC GCC GCC GCT GAC TCC AAT CAC CTC ACT CTT ACT CCG GCG ATC   91 
16     T   A   A   A   D   S   N   H   L   T   L   T   P   A   I    30 
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 92    TCC CCC GTC GGC TTG GAT CGT CCT CGC GTC TGT CAC TGT ATT ATG   136 
31     S   P   V   G   L   D   R   P   R   V   C   H   C   I   M   45 
 
137   CAT TTG TAT TTT TCT CTT TCG TAA GCG GTT AAT TTT CTC TTC ATA   181 
46     H   L   Y   F   S   L   S   *   A   V   N   F   L   F   I    60 
 
182   ACG CAC TGC GGA TGG AAC   199 
61     T   H   C   G   W   N    66 
 
 
Frame 3 
 
3     GCG GGG ACT CTA CTC TGT TCT CAC TCA TAA AAC TCA CTT CTT TCA   47 
0      A   G   T   L   L   C   S   H   S   *   N   S   L   L   S    14 
 
48    CCG CCG CCG CTG ACT CCA ATC ACC TCA CTC TTA CTC CGG CGA TCT   92 
15     P   P   P   L   T   P   I   T   S   L   L   L   R   R   S    29 
 
93    CCC CCG TCG GCT TGG ATC GTC CTC GCG TCT GTC ACT GTA TTA TGC   137 
30     P   P   S   A   W   I   V   L   A   S   V   T   V   L   C    44 
 
138   ATT TGT ATT TTT CTC TTT CGT AAG CGG TTA ATT TTC TCT TCA TAA   182 
45     I   C   I   F   L   F   R   K   R   L   I   F   S   S   *    59 
 
183   CGC ACT GCG GAT GGA ACT   200 
60     R   T   A   D   G   T    65 
 
Figure  44.  Amino acid translation of 111-2B2. Reading frame 1 has two stops and a methionine 
to wards the end of the entire amino acid. No GSP1 coding amino acids are identified in this 
frame. Reading frame 2 contains the sequence for GSP1 (underlined). There is 1 stop codon after 
the methionine in this frame, and neither the ‘W’ nor the ‘Q’ or other conserved PSPG regions 
were identified. Arrow in frame 2 indicates the right ‘W’ position in a GT sequence from the first 
amino acid of the GSP1. No methionine was identified in reading frame 3 and 2 stop codons are 
present. 
 
 
 
119-1A. BLAST sequence similarity search from the GenBank gave results with low E-
value (Table 13). However, none of those matches was found to code for GT proteins. As a result 
the 119-1A clone was not aligned with any of the obtained results for its sequence identification. 
The GSP1 of the clone is found to start at position 360 (Fig. 21). In order to identify the possible 
PSPG area, the 3 protein translation frames were analyzed (Fig. 45). In both frames 1 and 2, the 
stop codons appear more frequently just after the first methionine (M) and, hence, very short and 
fragmented proteins would be synthesized. No GSP1 coding amino acids were identified in 
either frame. In frame 3, the clone starts translating into amino acid sequence in nucleotide 
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 position 180 (M) and continues without any interruption. The GSP1 is located at the end of the 
sequence (underlined). However, 17 amino acids upstream to wards the N-terminus from the first 
GSP1 amino acid was not tryptophan, ’W’ as was expected to be (arrow). 
 
Table 13. BLAST nucleotide sequence results for 119-1A. They have high sequence similarity 
with the new sequence but none of them codes the conserved PSPG region in GTs 
 
Organism  Function   Accession#  E  
Mus musculus  Nephropathy related  AY256858  3e-15 
   protein 
 
Hordeum vulgare Integral membrane   AJ514946  7e-13 
   protein 
 
Rattus norvegicus Unknown   AF304853  3e-12 
Infectious salmon Unknown   AJ277461  3e-12 
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  Frame 1 
1     TCT AAT ACG ACT CAC TAT AGG GCC AGC AGT GGT ATC AAC GCA GAG   45 
1      S   N   T   T   H   Y   R   A   S   S   G   I   N   A   E    15 
 
46    CAC GCG GGA TTG CAG ATG AGT GGC TCT GCA GCC ACA TTT CAA ATT   90 
16     H   A   G   L   Q   M   S   G   S   A   A   T   F   Q   I    30 
 
91    GTC CCC TTC TTG AGA GCT TAA CCA TAG ACT CTT GTC CAA GAT TTA   135 
31     V   P   F   L   R   A   *   P   *   T   L   V   Q   D   L    45 
 
136   CTA GTG TTA AGA TTT CAA GGC TCC ATC TTA AGC AAT TCT GCA TAA   180 
46     L   V   L   R   F   Q   G   S   I   L   S   N   S   A   *    60 
 
181   TGG GTT GTG AGA GTT TGG CAG AAG TGC AGA CTG AAA CTC CTA ATT   225 
61     W   V   V   R   V   W   Q   K   C   R   L   K   L   L   I    75 
 
226   TAC GTA TTT TTA AAT ATA GCG GTT CTA TCA TAT CCT TCA TTT CAG   270 
76     Y   V   F   L   N   I   A   V   L   S   Y   P   S   F   Q    90 
 
271   ATG CTT TGA CTT TGT CGG AAG CTG ATC TCT GTT TCA TCA CTG ATG   315 
91     M   L   *   L   C   R   K   L   I   S   V   S   S   L   M    105 
 
316   ATA TGG ACA CTC AAT GTT ATG TTA AAT ATG TTG AAG TGA TAT GGA   360 
106    I   W   T   L   N   V   M   L   N   M   L   K   *   Y   G    120 
 
361   CAC ACT GCG GAT GGA ACT   378 
121    H   T   A   D   G   T   
 
Frame 2 
2     CTA ATA CGA CTC ACT ATA GGG CCA GCA GTG GTA TCA ACG CAG AGC   46 
1      L   I   R   L   T   I   G   P   A   V   V   S   T   Q   S    15 
 
47    ACG CGG GAT TGC AGA TGA GTG GCT CTG CAG CCA CAT TTC AAA TTG   91 
16     T   R   D   C   R   *   V   A   L   Q   P   H   F   K   L    30 
 
92    TCC CCT TCT TGA GAG CTT AAC CAT AGA CTC TTG TCC AAG ATT TAC   136 
31     S   P   S   *   E   L   N   H   R   L   L   S   K   I   Y    45 
 
137   TAG TGT TAA GAT TTC AAG GCT CCA TCT TAA GCA ATT CTG CAT AAT   181 
46     *   C   *   D   F   K   A   P   S   *   A   I   L   H   N    60 
 
182   GGG TTG TGA GAG TTT GGC AGA AGT GCA GAC TGA AAC TCC TAA TTT   226 
61     G   L   *   E   F   G   R   S   A   D   *   N   S   *   F    75 
 
227   ACG TAT TTT TAA ATA TAG CGG TTC TAT CAT ATC CTT CAT TTC AGA   271 
76     T   Y   F   *   I   *   R   F   Y   H   I   L   H   F   R    90 
 
272   TGC TTT GAC TTT GTC GGA AGC TGA TCT CTG TTT CAT CAC TGA TGA   316 
91     C   F   D   F   V   G   S   *   S   L   F   H   H   *   *    105 
 
317   TAT GGA CAC TCA ATG TTA TGT TAA ATA TGT TGA AGT GAT ATG GAC   361 
106    Y   G   H   S   M   L   C   *   I   C   *   S   D   M   D    120 
 
362   ACA CTG CGG ATG GAA CTC   379 
121    T   L   R   M   E   L   
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 Frame 3 
3     TAA TAC GAC TCA CTA TAG GGC CAG CAG TGG TAT CAA CGC AGA GCA   47 
0      *   Y   D   S   L   *   G   Q   Q   W   Y   Q   R   R   A    14 
 
48    CGC GGG ATT GCA GAT GAG TGG CTC TGC AGC CAC ATT TCA AAT TGT   92 
15     R   G   I   A   D   E   W   L   C   S   H   I   S   N   C    29 
 
93    CCC CTT CTT GAG AGC TTA ACC ATA GAC TCT TGT CCA AGA TTT ACT   137 
30     P   L   L   E   S   L   T   I   D   S   C   P   R   F   T    44 
 
138   AGT GTT AAG ATT TCA AGG CTC CAT CTT AAG CAA TTC TGC ATA ATG   182 
45     S   V   K   I   S   R   L   H   L   K   Q   F   C   I   M    59 
 
183   GGT TGT GAG AGT TTG GCA GAA GTG CAG ACT GAA ACT CCT AAT TTA   227 
60     G   C   E   S   L   A   E   V   Q   T   E   T   P   N   L    74 
 
228   CGT ATT TTT AAA TAT AGC GGT TCT ATC ATA TCC TTC ATT TCA GAT   272 
75     R   I   F   K   Y   S   G   S   I   I   S   F   I   S   D    89 
 
273   GCT TTG ACT TTG TCG GAA GCT GAT CTC TGT TTC ATC ACT GAT GAT   317 
90     A   L   T   L   S   E   A   D   L   C   F   I   T   D   D    104 
 
318   ATG GAC ACT CAA TGT TAT GTT AAA TAT GTT GAA GTG ATA TGG ACA   362 
105    M   D   T   Q   C   Y   V   K   Y   V   E   V   I   W   T    119 
 
363   CAC TGC GGA TGG AAC   377 
120    H   C   G   W   N    124 
 
Figure 45. Amino acid translation of 119-1A. In reading frame 1 there appear several stops after 
the first M, and no GSP1 coding amino acids were identified. There are more stops in frame 2 
also but the first M shows towards the end of the translation (amino acid position 119) and no 
stop is observed after it. In reading frame 3, the GSP1 coding amino acids are shown 
(underlined); methionine starts at nucleotide position 180 and no stops exist after it. However, 
the PSPG starting amino acid was not found at its right position from the first amino acid coding 
in the GSP1 (see arrow). 
 
 
 119-1C. Table 14. FASTA nucleotide sequence results for 119-1C. Low E-value hits 
from FASTA similarity search results for 119-1C and their functions. 
 
Organism   Function  Accession#  E  
Glycine max     Glucosyltransferase  BI321625  6.9e-36 
       like protein 
 
Scutellaria        UDP-glucose:  AB031274  0.0004  
baicalensis      flavonoid 7-O-GT 
 
Arabidopsis thaliana  Unknown    AY088408  0.00045 
 
Zea mays   Unknown     AY109290  0.0089  
  
Perilla frutescens     UDP-glucose: anthocyanin     AB013596  0.066 
    5-O-GT 
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  The sequence for 119-1C (Fig. 22) was aligned with a Glucosyltransferase like protein 
sequence from Glycine max (Acc. # BI321625). The PSPG box in the Glycine max was found to 
start at position 418 (Fig. 46). To align the new sequence with the GT from Glycine max the 
PSPG box was used as a set point. The first amino acid of the PSPG region within the new 
sequence was found at position 304 (Fig. 46).  
 
Figure 46. 119-1C and G. max (unknown) nucleotide sequence comparison. The box at position 
418 is where the PSPG box starts within the unknown glucosyltransferase like protein, our clone 
has also the amino acid coding for PSPG region in that position. Partial PSPG box sequence is 
from 418-488. Both clones have an overall nucleotide identity of 66%, an 84.5% identity within 
the PSPG box, and 80.2% identity from 368-488 bases that include the PSPG box area and 50 
bases immediately before it. 
 
 
 109  
 Clone 119-1C was also aligned with Scuteleria baicalensis UDP-glucose: flavonoid 7GT 
(Table 14). The PSPG box of Scuteleria baicalensis starts at position 1015 (box in Fig. 47) and 
both sequences show high sequence homology within that area and immediately preceding that 
region (Fig.  47). 
 
 
Figure  47.  119-1C and S. baicalensis UDP-glucose 7GT nucleotide sequence comparison. The 
PSPG box is from 1015-1085 for 119-1C. Both sequences have 37% overall nucleotide identity, 
64.7% nucleotide identity within the PSPG area and 67.7% nucleotide identity between the 
regions 965-1085, that includes the PSPG box area and 50 bases immediately before that region. 
 
 
The nucleotide sequence was translated into amino acid sequence as described earlier 
(Fig.  48). Counting 17 amino acids up from the first amino acid in the GSP1 (underlined) 
matched with the PSPG starting position (arrow, in Fig. 48). The most conserved amino acids (P, 
Q, H) within the PSPG region have been also identified. 
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1     ACG CGG GGC AAT AAA GAG TAC TCA GAT AAG GCT CAA AGA GGT AAT   45 
1      T   R   G   N   K   E   Y   S   D   K   A   Q   R   G   N    15 
 
46    AAG GCA TCA GTT GAT GAA CAC CAA TGC TTG AAG TGG CTT GAT TCA   90 
16     K   A   S   V   D   E   H   Q   C   L   K   W   L   D   S    30 
 
91    AAA GCT CTC AAA TCT GTA GTT TAT GCT TGC CTT GGA AGC CTC TGT   135 
31     K   A   L   K   S   V   V   Y   A   C   L   G   S   L   C    45 
 
136   AAT CTG ATT CCT TCG CAA ATG AGG GAA CTT GGG TTA GGC TTA GAA   180 
46     N   L   I   P   S   Q   M   R   E   L   G   L   G   L   E    60 
 
181   GCA TCA AAT AGG CCA TTC ATT TGG GTG ATT AGA GAA GGA GAA ACA   225 
61     A   S   N   R   P   F   I   W   V   I   R   E   G   E   T    75 
 
226   TCA AAA GAA TTG AAG AAA TGG GTT GTA GAG GAT GGC TTT GAA GAA   270 
76     S   K   E   L   K   K   W   V   V   E   D   G   F   E   E    90 
 
271   AGG ATC AAA GGA AGA GGC CTT GTC ATA TGG GGT TGG GCT CCA CAA   315 
91     R   I   K   G   R   G   L   V   I   W   G   W   A   P   Q    105 
 
316   GTG CTA ATA TTA TCT CAC CCT TCT ATT GGA GGA TTC TTA ACA CAC   360 
106    V   L   I   L   S   H   P   S   I   G   G   F   L   T   H    120 
 
361   TGC GGA TGG AAC   372 
121    C   G   W   N   
 
Figure 48. The amino acid translation of clone 119-1C.  The starting position for PSPG box 
agrees both from the 2 sequence comparisons and counting 17 amino acids away from the first 
GSP1 amino acid (underlined T). The conserved fourth amino acid sequence in the PSPG region 
is also identified. Arrow indicates the real position of the PSPG starting amino acid. Underlined 
M (52) is the first translated amino acid.  
 
 
 Clone 110-1B1. The complete sequence of this clone (Fig. 23) was BLAST searched for 
sequence similarity from the data. Over 10 sequences were reported with E-value less than 0.5 
and 4 of them are presented in table 15. Clone 110-1B1 was aligned with the BLAST similarity 
result of Soybean (unknown function). Because no PSPG box area of GSP1 region was found in 
the Soybean sequence, alignment was performed by searching the best fit base locations (Fig. 
49). The GSP1 in clone 110-2B1 starts from 315-334 (box). The overall nucleotide sequence 
identity between the 2 sequences was 48% and high sequence similarity was observed outside 
GSP1 region (Fig. 49). 
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 Table 15. BLAST nucleotide sequence for 110-1B1. None of the search result was functionally 
known or biochemically characterized 
 
Organism   Function  Accession#     E  
 
Soybean   Unknown  BG726608  1.7e-40 
 
Arabidopsis thaliana  Unknown  AY052352  3e-40 
 
Drosophila melanogaster Unknown  AC099036  3.1e-8 
 
Zea mays   Unknown   AY104755  9.7e-0.6 
 
 
 
 
Figure  49. 110-1B2 and Soybean (unknown) nucleotide sequence comparison.. Their overall 
nucleotide identity was 81%. Unlike other sequences, Soybean and clone 110-1B1 have greatest 
homology outside the GSP1 area (box). 
 
 
 In amino acid sequence analysis, the frame that would incorporate the GSP1into amino 
acids found in the conserved regions of the PSPG box was determined. The starting amino acid 
sequence in the PSPG box was not found at the right place from the first amino acid of the GSP1 
(Fig. 50 frame 3, arrow) nor any of the conserved amino acids was found within the region. The 
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 2 other possible amino acid sequences are also evaluated and frame 2 was found to have no stop 
codons in the sequence (Fig.  50). 
Frame 1 
1     ACG CGG GGC TGA TGG TTC TGA TTC AAA GCC TGC TCG ACT TGT AGG   45 
1      T   R   G   *   W   F   *   F   K   A   C   S   T   C   R    15 
 
46    AAA ACT GTC TTT CAT AGA TCT TGC TGG GAG TGA GCG AGG GGC AGA   90 
16     K   T   V   F   H   R   S   C   W   E   *   A   R   G   R    30 
 
91    TAC TAC TGA CAA TGA CAA ACA GAC AAG AAT GGA AGG TGC AGA AAT   135 
31     Y   Y   *   Q   *   Q   T   D   K   N   G   R   C   R   N    45 
 
136   TAA TAA AAG CTT ACT AGC TTT GAA AGA ATG TAT TAG AGC TCT AGA   180 
46     *   *   K   L   T   S   F   E   R   M   Y   *   S   S   R    60 
 
181   CAA TGA TCA GGG TCA CAT ACC TTT TAG AGG AAG TAA ACT GAC TGA   225 
61     Q   *   S   G   S   H   T   F   *   R   K   *   T   D   *    75 
 
226   AGT TCT CAG AGA TTC ATT TGT TGG TGA CTC ACG CAC AGT TAT GAT   270 
76     S   S   Q   R   F   I   C   W   *   L   T   H   S   Y   D    90 
 
271   ATC ATG TAT CTC ACC AAG CTC AGG TTC ATG TGA ACA TAC TAT CAA   315 
91     I   M   Y   L   T   K   L   R   F   M   *   T   Y   Y   Q    105 
 
316   CAC ACT GCG GAT GGA ACT   333 
106    H   T   A   D   G   T   
 
Frame 2 
2     CGC GGG GCT GAT GGT TCT GAT TCA AAG CCT GCT CGA CTT GTA GGA   46 
1      R   G   A   D   G   S   D   S   K   P   A   R   L   V   G    15 
 
47    AAA CTG TCT TTC ATA GAT CTT GCT GGG AGT GAG CGA GGG GCA GAT   91 
16     K   L   S   F   I   D   L   A   G   S   E   R   G   A   D    30 
 
92    ACT ACT GAC AAT GAC AAA CAG ACA AGA ATG GAA GGT GCA GAA ATT   136 
31     T   T   D   N   D   K   Q   T   R   M   E   G   A   E   I    45 
 
137   AAT AAA AGC TTA CTA GCT TTG AAA GAA TGT ATT AGA GCT CTA GAC   181 
46     N   K   S   L   L   A   L   K   E   C   I   R   A   L   D    60 
 
182   AAT GAT CAG GGT CAC ATA CCT TTT AGA GGA AGT AAA CTG ACT GAA   226 
61     N   D   Q   G   H   I   P   F   R   G   S   K   L   T   E    75 
 
227   GTT CTC AGA GAT TCA TTT GTT GGT GAC TCA CGC ACA GTT ATG ATA   271 
76     V   L   R   D   S   F   V   G   D   S   R   T   V   M   I    90 
 
272   TCA TGT ATC TCA CCA AGC TCA GGT TCA TGT GAA CAT ACT ATC AAC   316 
91     S   C   I   S   P   S   S   G   S   C   E   H   T   I   N    105 
 
317   ACA CTG CGG ATG GAA CTC   334 
106    T   L   R   M   E   L   
 
Frame 3 
3     GCG GGG CTG ATG GTT CTG ATT CAA AGC CTG CTC GAC TTG TAG GAA   47 
0      A   G   L   M   V   L   I   Q   S   L   L   D   L   *   E    14 
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 48    AAC TGT CTT TCA TAG ATC TTG CTG GGA GTG AGC GAG GGG CAG ATA   92 
15     N   C   L   S   *   I   L   L   G   V   S   E   G   Q   I    29 
 
93    CTA CTG ACA ATG ACA AAC AGA CAA GAA TGG AAG GTG CAG AAA TTA   137 
30     L   L   T   M   T   N   R   Q   E   W   K   V   Q   K   L    44 
 
138   ATA AAA GCT TAC TAG CTT TGA AAG AAT GTA TTA GAG CTC TAG ACA   182 
45     I   K   A   Y   *   L   *   K   N   V   L   E   L   *   T    59 
 
183   ATG ATC AGG GTC ACA TAC CTT TTA GAG GAA GTA AAC TGA CTG AAG   227 
60     M   I   R   V   T   Y   L   L   E   E   V   N   *   L   K    74 
 
228   TTC TCA GAG ATT CAT TTG TTG GTG ACT CAC GCA CAG TTA TGA TAT   272 
75     F   S   E   I   H   L   L   V   T   H   A   Q   L   *   Y    89 
 
273   CAT GTA TCT CAC CAA GCT CAG GTT CAT GTG AAC ATA CTA TCA ACA   317 
90     H   V   S   H   Q   A   Q   V   H   V   N   I   L   S   T    104 
 
318   CAC TGC GGA TGG AAC   332 
105    H   C   G   W   N    109 
 
Figure 50. Amino acid translation of 110-1B1. No stops are found in reading frame 2. But 
several stop codons were found in frames 1 and 3.Underlined amino acids in frame 3 are the 
sequences for GSP1 and arrow indicates the starting amino acid for PSPG box in GT gene. 
Frame 2 is the right amino acid translation for the 110-1B1 gene. 
 
Table 16. Clone size (in bp), flanking regions, PSPG box, and most significant FASTA/BLAST 
hit for the 5 putative GT clones. b= present  
 
Clone     Size     GSP1           UPM  PSPG box  Significant search hit 
 
GluTr1     1131    b      b     b     C.unshiu limonoid UDP-GT 
 
GluTr2     1106    b      b     b  I.purpurea UDP-G: F3-O-GT  
  
111-2B2      201             b      b     partial A.thaliana lycosyltransferase  
        related protein (unknown) 
 
119-1A        374             b      b     partial Mus musculus nephropaty  
                                          related protein (unknown) 
119-1C         379            b             b          partial S.baicalensis UDP-G: F7-O-GT 
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 Putative GT Clones 
 During each clone sequence analysis, inserts that contain both PCR regions (UPM/NUP, 
and GSP1) were considered as GT candidates. Out of the 12 clones obtained using the RT-PCR 
to amplify the 5' end of the putative GT mRNAs, 8 were GT candidates. Further structure 
analysis for the conserved GT domains of these 8 sequences revealed that five were putative GTs 
with conserved PSPG region (Table 16). Complete information was obtained for 2 of these 
putative GT sequences (GluTr1 and GluTr2, Fig. 29) from the 5' and 3' ends while only partial 5' 
end information was obtained for the other 3 (111-2B2, 119-1A, and 119-1C) clones (Figs. 20, 
22). Amino acid translation of the complete and partial putative GTs is presented below.  
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Figure 51.  Amino acid alignment of the 5 putative GTs. Full information is obtained from the 5’ and 3’ 
ends for the first 2 (GluTr1 and GluTr2) sequences. Partial information from the 5’ end was obtained for 
clones 111-2B2, 119-1C, and 119-1A. The PSPG area is indicated within the box. For the complete 
sequences, the 44 amino acids which are common to all GT sequences are obtained in which the 2 
sequences differ in 1 amino acid position (120); however, for the 3 partial sequences, only part of the 
conserved region of the PSPG box is obtained and to get complete information clone specific primers are 
designed from each sequence to amplify the 3’ end transcript. The start M is underlined for each clone 
and “-“ in positions 120 (GluTr1) and 178 (111-2B2) stands for ‘stop’. 
 
 
 
Putative Grapefruit GTs Alignment with Functionally Known GTs 
Preliminary structural comparison of the 2 nearly identical novel putative grapefruit GTs 
(GluTr1 and GluTr2) with other functionally established GTs was performed. For 
structure/function relationship comparison, three sequences coding for enzymes that catalyze the 
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 same reaction were obtained from different plant sources and 1 that has different function and 
origin were selected and aligned with our 2 grapefruit GT candidates. These are Vitis vinifera 
FIUFGT2 gene for UDP-glucose 3-O-glucosyltransferase, Ipomoea batatas Uf3gt gene for UDP-
glucose 3-O-glucosyltransferase, Perilla frutescens for flavonoid 3-O-glucosyltransferase and 
Scutellaria baicalensis Ufgt gene for UDP-glucose: flavonoid 7-O-glucosyltransferase. The 
identity of each sequence was calculated using the pair wise alignment program that allows 
calculating the identity of 2 sequences at a time. 
The overall structural identity of the first three sequences that catalyze the same function 
was from 25% (Vitis Vs Ipomoea) and 27% (Vitis Vs Perilla) to 31% (Ipomoea Vs Perilla). 
However, they show high structural homology (65.9 – 75%) within the PSPG region (Fig. 51). 
When Scutelleria was compared with the three 3-O-GTs, the overall identity was from 11% 
(Vitis and Ipomoea Vs Scutelleria) to 13 % (Perilla Vs Scutelleria). Scutelleria was also found to 
have higher structural homology with three of them within the PSPG box (52.2-59%). GluTr1 
and GluTr2 differ in their sequence in only 1 amino acid; hence their comparison result was the 
same with all the sequences. They have an over all identity of 12% with Vitis, 14% with 
Ipomoea, 12% with Perilla, and 10% with Scutelleria. Comparison within the PSPG region gave 
63.6 % identity with Vitis and Ipomoea and 61.4% with Perilla and Scutelleria. 
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Figure 52. Structural comparison of inferred amino acid sequence of grapefruit GTs with other 4 
functionally established GTs. The first 3 sequences are from different sources that catalyze the same 
function (3-O-GTs), the fourth is from S.baicalensis that catalyzes 7GT. The last 2 clones are the 2 
putative grapefruit GTs. All sequences have high structural identity within the PSPG (inbox) region 
(52.2-75%). The 3 3-O-GTs show high identity among each other within the PSPG region (65.9-75%) 
and immediately before and after this region from positions 280-405 (67.7%). Despite their function, they 
are structurally different outside this range. Hence, structural comparison alone is not enough to predict 
the function of a sequence. “-“ at position 291 (GluTr1) is ‘stop’. 
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 CHAPTER 4 
 DISCUSSION 
Flavonoids are water-soluble pigments produced by all higher plants. These products 
were once considered to be waste metabolites that didn’t participate in plant primary activities 
like growth, development, and reproduction. Today, roles of flavonoids in the life cycle of plants 
are becoming increasingly apparent (Brouillard and Dangels 1993; Stafford 1997). Flavonoids 
impart different colors to fruits, vegetables, and flowers. Some flavonoids act as signal molecules 
in the interaction between legumes and nodulating bacteria, and many can modulate plant-insect 
interactions by acting as feeding deterrents or attractants. Some flavonoids are known for their 
contribution of sweet or bitter tastes in food. Furthermore, many flavonoid compounds have been 
found to play a significant role in human health (Dixon and Steele 1999). Some possess potent 
antioxidant properties, while some others have the ability to preserve oxidating lipoprotein 
(LDL) cholesterol. Several flavonoids have been demonstrated to have anti-carcinogenic and 
estrogenic activities. Flavonoids comprise the largest portion of all secondary metabolites 
produced by higher plants and since the source of human diet mainly comes from plants, 
flavonoids have been regarded as important compounds in human health.  
While all higher plants produce flavonoids, in many cases specific (sometimes 
characteristic) compounds are made and/or accumulated during plant growth and development 
(Jourdan et al. 1985; Berhow et al. 1998). For example, young grapefruit leaves and fruits 
(Citrus paradisi) are known for their accumulation of high levels of flavone and flavanone 
diglycosides. This derivatization reaction is catalyzed by 7GT, a flavanone-specific 
glucosyltransferase that is highly specific both as to the basic substrate requirement and position 
of attachment of a substituent group. Grapefruit 7GT catalyzes the conversion of naringenin to 
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 prunin, which is subsequently rhamnosylated to form the bitter compound, naringin. Over 10,000 
ppm naringin is found within young tissues that constitute 40-70% of the dry weight of the 
young leaves and fruits. This shows that 7GT is the main derivatizing enzyme that converts a 
significant amount of flavanone into a specific bitter compound in grapefruit. Furthermore, it has 
been shown that grapefruit 7GT is much less sensitive to UDP inhibition than GTs from other 
plant sources. 
  This research was designed to seek answers for the following questions regarding 
flavanone glucosylation. Why do grapefruit seedlings accumulate higher amounts of flavanone 
glycosides than other plants that accumulate “later’ flavonoid glycosides? May there be unique 
structural differences between 7GT in grapefruit and GTs in other plants that account for 
different UDP sensitivities?  While 7GT has been purified and biochemically characterized 
(McIntosh et al. 1990; McIntosh and Mansell 1990), it has not been structurally characterized 
and its sequence is not known. Therefore, the primary goal of this research was to address the 
above questions by working to clone the 7GT from young metabolically active grapefruit leaves 
using the SMART RACE RT-PCR strategy and then compare its structure to other biochemically 
known flavonoid GTs to help elucidate the correlation between GT structure and function.  
Because no sequence has been reported for flavanone specific-7GT to date, there was no 
information from where specific primers could be designed for the SMART RACE system to 
synthesize a 7GT cDNA clone. To address this problem, gene specific primers (GSPs) were 
designed using information from the plant secondary product glucosyltransferase (PSPG) box. 
The PSPG box is a conserved area in all secondary metabolite GTs that use UDP-glucose as a 
sugar donor (Hughes and Hughes 1994).  
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 Citrus species produce different types of flavonoids and several GTs acting on flavonols, 
chalcones, flavanones and flavones have been isolated and biochemically characterized 
(McIntosh et al. 1990; McIntosh and Mansell 1990), but none have been cloned. Therefore, the 
appearance of multiple bands in the PCR products primed with GSP1 was expected and 
observed. The bands were named (from larger to smaller size) as bands A, S, B, C, and D. S is 
for the space between bands A and B. Each band was gel-purified, cloned, and transformed as in 
Methods. Since the average size of grapefruit 7GT is estimated to range from 1400-1500 bp 
(McIntosh, personal communication) no attempt was made to clone band A (size >2200) and 
attempts to clone band B were not successful.  
Twelve clones were obtained from bands C, D, and S (Table 5), and each clone was 
sequenced and evaluated. During sequence evaluation, some inserts were found to have all the 
expected flanking regions (plasmid, UPM, and GSP1 reverse) and were considered as GT 
candidates; those that lacked at least 1 of those regions were considered non-GTs. For example, 
no GSP1 was found in clones TA110-2A1 and TA111-2A4 and these were excluded from further 
analysis as GTs. Clones TA117-4A and 117-4B, as well as clones TA119-1A and 119-1B were, 
found to be identical to each other and that reduced clone diversity to 8. Further analysis of the 8 
clones to locate other conserved areas of the PSPG box revealed that 3 (110-1B1, 111-2A3, and 
117-4A) were probably not GTs and the remaining five (110-2A2, 110-2B2, 111-2B2, TA119-
1A, and 119-1C) were likely to be UDP-G using GTs.  
Non-GT clones 110-1B1, 111-2A3, and 117-4A all contain the expected flanking regions 
including GSP1. Each nucleotide sequence was examined to determine if elements of the 
conserved PSPG box region could be found or if GSP1 was the only region of identity. 
Alignment of 110-1B1 with a soybean gene (unknown function) (Fig. 49) from a BLAST search 
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 result to 81% overall pair-wise nucleotide identity. No conserved PSPG box was found in either 
sequence; therefore, they could be analogous non-GT proteins. The correct amino acid 
translation of 110-1B1 should be reading frame 2, because no stops were found after the first 
methionine (Fig. 50).  
Sequence from non-GT clone 111-2A3 was aligned with Citrus unshiu limonoid GT and 
showed 27% overall pair-wise nucleotide sequence identity. In addition to the low identity, the 
conserved PSPG box was not found. Therefore, 111-2A3 was considered a non-GT protein with 
probable amino acid translation in reading frame 2 (Fig. 40) (no stop after methionine).  
Clone 117-4A showed low pair-wise nucleotide sequence identity (27%) with Citrus 
unshiu limonoid UDP-GT. Analysis of amino acid translation showed a stop codon (TGA) in the 
position where the limonoid UDP-GT codes for W (TGG) (Fig. 38) and no other PSPG amino 
acids were found in that reading frame. Hence, we concluded that 117-4A was a non-GT protein 
with a probable amino acid translation of frame 2 (no stops after the first methionine). The 
possible reason for obtaining non-GT clones with GSP1 was probably due to the low stringency 
of PCR dictated by the low Tm of GSP1 (560C). 
 The other 5 clones (110-2A2, 110-2B2, 111-2B2, TA119-1A, and 119-1C) were 
sequenced and evaluated. Since both PCR primers and all or some of the conserved PSPG areas 
were identified within all these clones, all five of them were considered as putative GTs. Clones 
110-2A2 and 110-2B2 have high sequence identity, except at positions 26-33, 120 (which causes 
a stop in 110-2A2) and 512. Hence, to obtain complete sequence information, one clone specific 
primer (CSP2) was designed from position 602-621 (Fig. 14) for both clones and one 3’clone 
(126-1C) was generated from 3’SMART RACE RT-PCR. Each of the 5’ clones (110-2A2 and 
110-2B2) was aligned with the 3’ clone (126-1C) by locating the overlapping region and the 
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 PSPG box (Fig. 28), compiled, and the resulting compiled sequences were named GluTr1 and 
GluTr2, respectively. 
 GluTr1 was FASTA searched for sequence similarity and was aligned with Citrus unshiu 
limonoid UDP-glucosyltransferase. The pair-wise overall nucleotide identity was 34%. The 
PSPG box was found in both sequences (Fig. 50) and the pair-wise nucleotide sequence identity 
within this region was 61.4%. This high pair-wise sequence identity with a functionally known 
GT within the PSPG conserved domain supports the conclusion that GluTr1 could be a GT. 
Identity for a region spanning 50 bases immediately before and after the PSPG box  (970-1202), 
including the PSPG region was 46%, which shows the sequences vary significantly outside the 
PSPG area. Therefore, GluTr1 was not assigned limonoid GT function. 
 The amino acid translation of GluTr1 showed that, the initiation methionine occurred at 
nucleotide position 154 (Fig. 31). Two hundred ninety-nine amino acids were translated with a 
stop codon at nucleotide position 511 (Fig. 31). This occurrence may be due to a rare PCR error 
or a nucleotide mutation during DNA purification and isolation. To verify this, specific primers 
need to be designed from one end of the complete sequence and run to the opposite direction and 
verify that position. It also differed from other GTs in that the third PSPG box position contained 
N (asparagine) rather than the highly conserved proline (P). GluTr1 has also the amino acid 
valine (V) in position 42, and no V was reported among 30 GTs aligned by Vogt (2000) even 
though this position is not highly conserved. If this sequence is a grapefruit 7GT, the unique 
amino acid sequences within the PSPG box may be contributors to the characteristic features of 
the enzyme.  
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  GluTr2 was aligned with 2 functionally known GTs from a FASTA search result. 
Alignment with Impomea purpurea UDP-glucose: F3-O-GT obtained an overall pair-wise 
sequence identity of 34% and identity within the PSPG (892-1023) (Fig. 32) was 68%. The latter 
supports the hypothesis that GluTr2 may be a GT. They still have high sequence identity (64%) 
when 50 bases each immediately after and before the PSPG region, and identity significantly 
decreases beyond that range which suggests that these enzymes may use different substrates 
and/or catalyze different reactions. 
 Sequence alignment and comparison of GluTr2 with Citrus unshiu limonoid UDP-
glucosyltransferase revealed 33% overall pair-wise sequence identity. Identity within the PSPG 
box of both sequences was 61.4% and sequence identity 50 bases each preceding and following 
the PSPG box was 46%. The amino acid sequence of GluTr2 starts with an initiation methionine 
at nucleotide position of 135 and ends at 1024 (Fig. 34). Two hundred ninety-nine amino acids 
were obtained with no stop codons. The same amino acids that constitute the PSPG area as in 
GluTr1 were obtained, with the 3rd and 42nd showing some differences from the PSPG boxes of 
other plant glucosyltransferases (Vogt 2000). 
 Overall nucleotide sequence identity between GluTr1 and GluTr2 showed that they are 
nearly identical (97% pair-wise identity) except in positions 26-33, 120 and 512 (Fig. 29), yet 
different FASTA search results were established. For example, the observation that Citrus unshiu 
related more to GluTr1 (34% overall identity) than to GluTr1 (33%) might be accounted for by 
their nucleotide differences. The translational start and stop codons and, hence, the deduced 
amino acids, are identical in both sequences except in position 120, where Q in GluTr2 was 
replaced by ‘stop’ in GluTr1 (Fig. 51). These differences of the 2 proteins at their nucleotide 
level may be due to mRNA degradation of the 5’end during cDNA synthesis. The stop in GluTr1 
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 may be an artifact resulted in a single nucleotide change due to PCR Taq error (rare) or UV light-
induced mutation during DNA isolation. If the stop is real, then the protein may be a 
pseudogene. The high identity shown by these 2 sequences suggests that they could be proteins 
derived from a common ancestor or they could represent transcripts of 2 alleles that code for 
enzymes catalyzing the same reaction. 
Clone TA111-2B2 was also considered a candidate GT. The complete sequence of this  
5’ clone was BLAST searched for sequence similarity and was aligned with Arabidopsis 
thaliana (Acc.# NM_129234) a putative glucosyltransferase related enzyme. Alignment of the 
5’partial clone information of 111-2B2 with the putative glucosyltransferase gave 34.8% overall 
pair-wise nucleotide sequence identity. The set point for alignment was the sequence that codes 
for GSP1 (Fig. 43). Nucleotide sequence identity 50 bases just preceding the GSP1 region in 
both sequences showed 44%. While both proteins differ at the first position of the PSPG box 
(1163) (Fig. 43), the presence of other conserved amino acids may support that clone 111-2B2 
could be GT. 
  The 3 amino acid reading frames of 111-2B2 have been also evaluated (Fig. 44). The 
most probable translation-reading frame was frame 2 because of the presence of the GSP1. In 
that frame methionine (M) at nucleotide position 131 (Fig. 44) and no stop codon was found 
preceding that position. Because this is a 5’clone, the GSP1 coding regions were found at the 3’ 
end of the sequence. To identify the conserved PSPG regions within the sequence an attempt was 
made to locate the conserved tryptophan (W) by counting 17 amino acids upstream from the 
thrionine (T) in GSP1. The ‘W’ was not found (arrow in frame 2). In addition, 1 putative ‘stop’ 
occurred at nucleotide position 158, only 8 amino acids after the starting M. However, the L, and 
S amino acids (nucleotide positions 152, 155), which are universally conserved within the PSPG 
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 box, are found. There are 2 possible explanations in which this could happen if clone 111-2B2 
was a GT. There is at least 1 report from Solanum bertaulthii (AF006081) of a UDP-
glucosyltransferase that starts the PSPG box with L instead of W, so one possibility is that clone 
111-2B2 could be a gene that codes for GT regardless of its PSPG starting amino acid (I). 
Second, the occurrence of no stops for about 28 amino acids before the first methionine in frame 
2 could be explained by the sequence has not gotten all the way out to the 5’end due possibly to 
mRNA degradation. If so, there could be another methionine that didn’t show up which makes 
the PSPG box to be far away from the 5’end. To test this, a clone specific forward primer was 
already designed from the 5’end to amplify the 3’end using the 3’RACE Ready cDNA. Then a 
clone specific reverse primer will be designed from the 3’ end and will run to amplify the 5’end 
using the 5’RACE Ready cDNA made from RNA of established integrity. In amplifying the 
5’end from a 3’clone, it could help to verify the stop only eight amino acids downstream from 
the first methionine. If the new 5’ clone codes for stop at that position, it could be concluded that 
the sequence doesn’t produce a functional protein. 
TA119-1A was sequenced and evaluated, and because it was found to have all the 
appropriate flanking regions, it is a potential GT. None of the BLAST similarity search was 
found to code for GT proteins (Table 13). The sequence was further analyzed for the conserved 
regions of the PSPG box by looking at the 3 amino acid translation frames. In reading frame 3, 
the starting methionine was found at nucleotide position 180 (Fig. 45) and continues without 
interruption. The GSP1 was read in this frame at the end of the sequence. The starting position 
for the PSPG box coded for a T (threonine) (arrow in Fig. 45) instead of the highly conserved W 
(tryptophan). Some of the conserved amino acids of the PSPG box do occur:  aspartic acid (D) 
3rd position in which a report is available at least for 2 GTs to replace the highly conserved 
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 proline (P) by D, and valine (V) (positions13 and 15 in the PSPG box) and was still considered a 
GT candidate. A clone specific primer needs to be designed for 3’SMART RACE PCR to 
amplify the 3’end of this mRNA. 
Clone 119-1C was sequenced, and the flanking regions were identified. The clone is 
considered a putative GT (Fig. 22). Its alignment with Glycine max (Acc#. BI321625) 
glucosyltransferase like protein (unknown function) from the FASTA search result (Fig. 46) 
showed an overall 66% pair-wise nucleotide sequence identity. The pair-wise nucleotide 
sequence identity within the PSPG box was 84.5%. Nucleotide identity from 368-488 (bases that 
include the PSPG box and 50 bases immediately preceding it) was 80.2%. This high sequence 
identity is very interesting and because of the fact that both sequences vary little towards the 
5’end, the 2 sequences may be proteins that catalyze the same reaction or catalyze the same 
reaction with slightly different substrates. 
Clone 119-1C was also aligned with Scuteleria baicalensis (AB031274) UDP glucose: 
flavonoid 7GT (Table 14). The PSPG box was used as a set point for alignment of the sequences 
(Fig. 47). After alignment, both sequences showed an overall nucleotide pair-wise sequence 
identity of 37%, with 64.7% nucleotide identity within the PSPG box and 67.7% nucleotide 
identity within the PSPG box and 50 bases before it (965-1085). The relatively high sequence 
similarity within the PSPG box illustrates how conserved the PSPG box is among GTs. Sequence 
identity is maintained as the sequence goes away from the PSPG box at least for about 50 bases. 
Hence, it may be a glucosyltransferase related to UDP-glucose: flavonoid 7GT that catalyze the 
same reaction but use different substrates even though assignment of function from sequence 
information alone should be viewed with caution. This is because in order to determine the 
function of a protein, a full-length clone must be expressed and characterized. 
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In its amino acid translation (Fig. 48), clone 119-1C was found to have the first 
methionine at nucleotide position 154 and no stops were found either preceding or following it. 
The correct position for the PSPG starting area was found exactly 17 amino acids upstream from 
the first amino acid coding for GSP1 (Fig. 48, arrow). Unlike other GTs however, the PSPG box 
may be closer to the 5’end than to the 3’end and there could be 2 possible reasons for this. 
Grapefruit 7GT is highly substrate specific and less sensitive to UDP inhibition than other plant 
GTs characterized to date (McIntosh 1990). This may be because of a unique structural feature, 
which is not known as yet. In this clone, if M really starts at the specified position, it might be 
the special feature and may be grapefruit 7GT. An alternative explanation is that because no stop 
codon was found at any position before the first identified M, the PCR reactions may not have 
gotten all the way to the 5’end and the actual size of the clone may be longer than obtained. This 
could happen if mRNA partially degraded before cDNA synthesis (McIntosh, personal 
discussion). To test this, a clone specific primer (CSP) has been already designed to amplify the 
3’end transcript and a second CSP will be designed from the 3’end to re-amplify the 5’end to 
determine precise placement of the PSPG box of this putative GT.  
We have successfully generated 2 compiled sequences (1131 and 1106 bp long) by 
overlapping information from two 5’ and one 3’ clones. In addition, we have three 5’clones (201, 
379, and 374 bp long) that may encode GTs. Alignment of amino acid translation of all putative 
GTs is presented in Fig. 51 and their sequence identity is shown in Table 17. 
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 Table 17. Pair-wise sequence identity (%) comparison of all putative GTs. An overall and within 
the PSPG region comparison of all showed that all the putative GTs to have low homology 
among each other except the PSPG box identity between GluTr1/2 and 119-1C.  
 
        111-2B2             119-1A                                   119-1C 
                   overall     PSPG                  overall    PSPG                    overall      PSPG 
 
GluTr1/2          17       39            14 30        19  69.5 
111-2B2               18 39        17   26 
119-1C               9  26 
Low overall sequence identity among the putative GTs shows that they are all unique, 
hence they would be predicted to catalyze different reactions. The relatively higher sequence 
identity of the partial sequences within their PSPG box supports the conserved domain of the 
PSPG box among GT sequences. Therefore, these sequences could be all GTs. 
In order to further evaluate if sequence information can be used to predict specific 
function, a preliminary structural comparison of grapefruit GluTr1 and GluTr2 with functionally 
established plant GTs was performed. Three sequences coding for enzymes from different plants 
that catalyze the same reaction were obtained along with one that has different function and 
origin and these were aligned with our two grapefruit GT candidates. Vitis vinifera (Ford et al. 
1998) UDP-glucose 3-O-glucosyltransferase that use anthocyanins (cyanidin, delphinidin and 
Pelargonidin) as a substrate, Perilla frutescens (Gong et al. 1997) flavonoid 3-O-
glucosyltransferase use anthocyanin (pelargonidin, peonidin, cyanidin) substrates, and Ipomoea 
batatas UDP-glucose 3-O-glucosyltransferase use flavonol substrates (kaempferol, quercetin). 
Scutellaria baicalensis (Hirotani et al. 2000) UDP-glucose: flavonoid 7-O-GT (acting on 
baicalein, wogonin, apigenin, scutellarein, 7, 4’-dihydroxyflavone, and kaempferol) was also 
aligned together with GluTr1 and GluTr2. 
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In order to determine the relationship among GTs that catalyze the same reaction, the 3  
3-O-GTs were first compared (Fig. 52). Their overall nucleotide identity was only 25% (Vitis vs 
Impomoea), 27% (Vitis vs Perilla) and 31% (Impomoea vs Perilla). Structural identity was 
higher within the PSPG area (65.9-75%). This indicates that the domain that acts as a sugar 
donor has conserved structure among these GTs. However, the identity decreases outside from 
the PSPG region.  It has been proposed that the GT structural domain that binds the aglycone 
substrate is located towards the N-terminal end (Vogt 2000), so it could be expected that there 
would be structural differences among GTs that use different substrates. However, even the 2 
GTs from V.vinifera and P.frutescens that use anthocyanin as a substrate show low identity in the 
5’end (27%).  Therefore, it may be concluded that GTs that catalyze the same function, and even 
those that use the similar substrate, may vary significantly in primary structure.  
The overall structural comparison of Scutellaria baicalensis with the three 3-O-GT 
showed only 11% (Vitis and Ipomoea Vs Scutellaria) to 13% (Perilla Vs Scutellaria) identity. 
Scutellaria was found to have higher structural homology with the others within the PSPG box 
area (52.2-59%). This is because of the conserved nature of the PSPG region regardless of 
aglycone substrate preference. The overall nucleotide sequence identity of GluTr1/2 was 12% 
with Vitis, 14% with Ipomoea, 12% with Perilla, and 10% with Scutellaria. Low identity of 
GluTr1 and 2 with all of these sequences may suggest that they could be completely different 
proteins either in function or substrate preference. However, their high identity with the others in 
their PSPG box (58-61%) showed they could be GTs.  
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 In general the 3 3-GTs were more similar to each other than when compared either with 
our putative GTs or the Scutellaria F7GT. However, it is not wise to assign biochemical roles 
depending upon amino acid sequence only. Therefore, future work will involve generating full-
length information for the three 5’partial clones, followed by assigning clone identity through 
biochemical characterization of expressed enzymes. Expression of GluTr2 is the subject of 
another (Tapasree’s) thesis project. 
The principal goal of this research was to clone and sequence GTs in Citrus species. 
Because none of the up to date isolated and biochemically characterized GTs (McIntosh et al. 
1990; McIntosh and Mansell 1990) that act on flavonoids produced by Citrus species has been 
sequenced, any GT fished out from grapefruit cDNA could be interesting. However, our 
particular objective was to clone and obtain the sequence of a grapefruit 7GT that catalyzes the 
derivatization reaction of flavaone aglycone to flavanone diglycoseide in grapefruit. Using the 
SMART RACE RT-PCR system, 5 putative 5’ clones for GTs were obtained from young 
metabolically active grapefruit leaves. All putative GT sequences were aligned with different 
functionally known GTs obtained from FASTA/BLAST sequence similarity search and were 
evaluated as putative GTs by searching for the highly conserved PSPG area in each sequence. 
Compiled complete sequence information was obtained for two putative by compiling their 5’ 
and 3’ ends. Each of the fully sequenced GTs was aligned with functionally known GTs and 
were evaluated if sequence alone is enough to predict the function of a protein. We have 
concluded that assignment of function from sequence information alone was not enough and we 
laid groundwork for biochemical characterization of the novel GT enzymes. 
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 This work may contribute to understanding how conserved the PSPG box is among GTs 
that glucosylate different substrates and how structural differences within and around the PSPG 
region contribute specific biochemical characters (such as sensititivity to UDP). The work may 
help identify the domain of these enzymes specific to particular aglycone substrate. This result 
could have a significant impact on development of transgenic crops and in traditional breeding 
programs. 
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APPENDIX A 
 
ABBREVIATIONS 
 
 
ANS  anthocyanin synthase 
 
BME  2-β-mercaptoethanol 
bp  base pairs 
BLAST basic Local alignment search tool 
cDNA  complementary deoxyribonucleotide acid 
CHI  chalcone isomerase 
CSP  clone specific primer 
DEPC  diethyl pyrocarbonate 
DFR  dihydroflavonol 4 reductase 
dNTP  deoxyribonucleoside triphosphate 
EDTA  ethylenediaminetetraacetic acid 
EtOH  ethanol 
FA   formaldehyde Agarose 
FASTA fast All 
F3H  flavanone 3-hydroxylase 
FS  flavone synthase 
FSS  flavonol synthase system 
GSP   gene specific primer 
GT  glucosyltransferase 
IFSS  isoflavone synthase system 
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 M  molar 
mg  milligram 
ml  milliliter 
mM  millimolar 
mRNA  messenger ribonucleic acid 
ng  nanogram 
NUP  nested universal primer 
PAL  phenylalanine ammonia lyase 
PCR  polymerase chain reaction 
RACE  rapid amplification of cDNA ends 
RNA  ribonucleic acid 
rpm  revolutions per minute 
RT-PCR reverse transcription-polymerase chain reaction 
SMART switching mechanism at 5’end reverse transcriptase 
TAE  Tris-acetate EDTA buffer 
TBE   Tris-borate EDTA buffer 
TE  Tris EDTA buffer 
µg  microgram 
µl  microliter 
UDP  uridine diphosphate 
UDPG  uridine 5’diphospho-glucose 
UPM  universal primer mixture 
X-GAL 5-Bromo-Chloro-3-Indolyl-β-D-Galactopyranoside 
 141  
  
 
APPENDIX B 
 
RECIPES 
 
 
 
10X FA gel buffer 
200 mM 3-[N-morpholino] propanesulfonic acid (MOPS) (free acid) 
50 mM sodium acetate 
10 mM EDTA 
PH to 7.0 with NaOH 
 
1X FA gel running buffer 
100 ml 10X FA gel buffer 
20 ml 37% (= 12.3 M) formaldehyde 
880 ml RNase-free water 
 
LB Broth pH (7.0-7.5) 
 
0.5% NaCl 
1.0% bacto-tryptone 
0.5% bacto-yeast extract 
 
LB Agar Plates with Kanamycin/X-gal 
 
0.5% NaCl 
1.0% bacto-tryptone 
0.5% bacto-yeast extract 
15 g/L bacto-agar (DIFCO) 
2.0 ml/L kanamycinLayered on top of the LB/kanplates: 
[80µl X-gal (20 mg/ml in dimethylformamide)] 
 
 
5X RNA loading buffer 
16 µl saturated bromophenol blue solution 
80 µl 500 mM EDTA, pH 8.0 
720 µl 37% (= 12.3 M) formaldehyde 
2 ml 100% glycerol 
3084 µl formamide 
4 ml 10X FA gel buffer 
Add RNase-free water to 10 ml volume 
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SOC Medium 
 
2% bacto-tryptone (DIFCO) 
0.5% bacto-yeast extract (DIFCO) 
0.05% NaCl 
20mM glucose 
 
 
TAE Buffer (50X/500ml) 
 
121.0 g  Tris base 
 28.55 ml Glacial acetic acid 
  50.0 ml 0.5 M EDTA (pH 8.0)  
Add distilled water to bring to 500 ml volume 
 
1X TAE buffer (1.0 L) 
 
20 ml  50X TAE 
980 ml distilled water 
 
Staining Solution  
 
1.0 L 1X TAE buffer 
50 µl EtBr (10 mg/ml final concentration 
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